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THE MJCOPOLYSACCHAEIDES AM) GLYCOPROTEINS 
OF HUMAN COSTAL CARTILAGE
CHAPTER I  
INTRODUCTION
The study o f th e  m ucopolysaccharides of ground substance i s  one 
o f long standing» In  1854 Boedecker rep o rted  th a t  c a r t i la g e  hydrolyzed 
w ith  m inera l a c id  contained  a  reducing  substance which he named ”Chon- 
d ro its a u re ” ( l ) .  Krukenberg in  1884 obtained  f a i r l y  pure cho n d ro itin  
s u lfa te  by e x tra c tin g  t ra c h e a l  c s ir tila g e  w ith  f iv e  to  te n  per cen t sodium 
hydroxide (2 ) .  Momer (3) in  1889 prepared  chondro itin  s u lfa te  by ex­
tr a c t io n  w ith  two and f iv e  p e r cent potassium  hydroxide and p re c ip i ta t in g  
w ith  le ad  a c e ta te  and showed th a t  a l l  of th e  su lfu r  in  ch o n d ro itin  
s u lfa te  occurred as e s te r  s u lfu r ic  a c id . Schmiedeberg (4) in  1891 demon­
s tra te d  th a t  ch o n d ro itin  s u lfa te  contained  hexosamine, hexuronic ac id  and 
a c e tic  a c id . However, i t  has been only in  th e  p a s t two decades th a t  sys­
tem atic  study has rev ea led  th e re  a re  a  v a r ie ty  of d if f e r e n t  mucopolysac­
charides and th a t  t h e i r  presence and d is t r ib u t io n  v a r ie s  in  d i f f e r e n t  
t i s s u e s  (5 ) . Up to  th e  p resen t tim e s ix  ac id  m ucopolysaccharides have 
been id e n t i f ie d  in  connective t i s s u e s .  These ccmçounds, >diich w i l l  be 
described  in  d e t a i l  l a t e r ,  a re  th e  ch o n d ro itin  s u lfa te s .  A, B and C; 
hyaluronic  ac id ; ch o n d ro itin ; and k e ra to s u lf a te .  îfyaluronic ac id  was
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f i r s t  described  in  1934 (6 ); th e  chondro itin  s u lfa te s  A, B and C, so 
designated , in  1951 (7 ) ;  k e ra to su lfa te  was is o la te d  in  1953 (8) and chon­
d r o i t in  was id e n t i f ie d  in  1954 (9)» This re p o r t  i s  an ex tensive study of 
th e  m ucopolysaccharides in  one type o f t i s s u e ,  human c o s ta l  c a r t i la g e ,  
and th e i r  changes as e l i c i t e d  by th e  aging p ro cess .
D e fin itio n s
Connective T issu e . Connective t i s s u e s  a re  those t i s s u e s  vAiich 
provide th e  c o n tin u ity  between o th e r t i s s u e s .  E s s e n tia l ly , connective 
t i s s u e  c o n s is ts  o f a continuous f lu id  m atrix  in  which l i e  an in te r la c in g  
fa b r ic  o f f ib e r s  of d i f f e r e n t  com positions and s t ru c tu re s .  The m atrix  
bathes o r surrounds th e  connective t i s s u e  c e l l s ,  from which the  m atrix  
components have o r ig in a te d .
C a r ti la g e . C a r tila g e  i s  a m odified form of connective t i s s u e .
Like o th er connective t i s s u e s  i t  i s  composed of c e l l s  and in te r c e l lu la r  
substance td iich , in  tu rn ,  i s  composed of ground substance and of support­
ing  f ib e r  (1 0 ). The n a tu re  of th e  fib e ro u s  components of the  in te r c e l lu ­
l a r  m a te r ia l i s  th e  b a s is  fo r  th e  c la s s i f ic a t io n  o f c a r t i la g e  in to  i t s  
th re e  main ty p e s , h y a lin e , e la s t i c  and f ib ro u s .
C ostal c a r t i la g e  i s  c la s s i f ie d  as hy a lin e  c a r t i la g e  and th e  tw elve 
p a ir s  of c o s ta l  c a r t i la g e  re p re se n ts  th e  la rg e s t  amount of permanent hya­
l in e  c a r t i la g e  in  th e  body. Hyaline c a r t i la g e  d e riv e s  i t s  name from th e  
Greek h y a lo s . meaning g la s s ;  hya line  c a r t i la g e  i s  tra n s lu c e n t, b lu ish  
w hite and has a g lo ssy  appearance in  th e  f r e s h  s t a t e .  I t  i s  a firm  ye t 
f le x ib le  t i s s u e  \diich_ can re a d ily  be cu t w ith  a k n ife .
E la s t ic  c a r t i la g e ,  found in  th e  e x te rn a l e a r , th e  e x te rn a l au d i-
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to ry  and eu stach ian  tubes and th e  e p ig lo t t i s  d i f f e r s  m ic ro sco p ica lly  from 
hyaline  c a r t i l a g e .  I t  i s  yellow , opaque, more f le x ib le  and e la s t i c .  
M icroscop ically  th e  c e l l s  a re  s im ila r  but th e  i n t e r s t i t i a l  substance 
con tains a network of branching f ib e r s .
F ib ro c a r ti la g e  i s  found in  sm all amounts in  th e  in te rv e r té b ra l  
d is c s , a r t i c u l a r  c a r t i la g e s ,  symphysis pubic and in  p laces  o f  attachm ent 
o f tendons to  bones. F ib ro c a r ti la g e  i s  a n o n -vascu lar, ten d o n -lik e  
t i s s u e .  The chondrocytes a re  surrounded by long p a r a l l e l  bundles in  
which i s  found l i t t l e  i n t e r s t i t i a l  substance.
Type of c e l l s . M icroscopically  th e  c e l lu la r  components of c a r t i ­
lag e  vary  in  s iz e  and shape depending on t h e i r  age and lo c a t io n . Chon­
drocy tes lo c a te d  ju s t  beneath th e  perichondrium , th e  covering t i s s u e ,  a re  
sm all and f l a t ,  th o se  fu r th e r  toward th e  c en te r  a re  sp h e r ic a l and la rg e r  
and as o ld e r c e l l s  d iv id e , they  a re  found in  clumps o f two to  e ig h t.
These c lu s te r s  a re  c a lle d  c e l l  n e s ts .
Ground Substance. Ground substance o r i n t e r s t i t i a l  substance i s  
no t r e a l ly  a substance but a multicomponent system. This m atrix  i s  a 
m ixture o f m ucopolysaccharides, m ucoproteins, g ly co p ro te in s , plasma pro­
te in s ,  co llag en , l i p i d  m a te r ia l and inorgan ic  s a l t s  ( U ) .  The ground 
substance appears homogeneous except fo r  f ib ro u s  capsu les surrounding 
lacunae . The homogeneous n a tu re  of th e  in te r c e l lu l a r  substance i s  the  
r e s u l t  o f masking of th e  f i b r i l s  by th e  m atrix  due to  s im i la r i ty  o f re ­
f r a c t iv e  index .
C la s s if ic a t io n  of N itrogen Containing P o lysaccharides
No c le a r - c u t  c la s s i f ic a t io n  system fo r  th e  hexosamine con tain ing
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carbohydrate components o f ground substance has been accepted by a l l  
in v e s t ig a to r s  in  t h i s  f i e l d .  However, f o r  purposes of under s tand ing  
and communication, th e  c la s s i f i c a t io n  proposed by Meyer (12) i s  la rg e ly  
used in  t h i s  s tudy . This c la s s i f i c a t io n  i s  a r b i t r a r y ,  but re p re se n ts  th e  
most commonly follow ed system in  t h i s  f i e l d .  Meyer d iv id es  th e  hexosa­
mine co n ta in in g  p o lysaccharides in to  fo u r  groups; m ucopolysaccharides, 
m ucoproteins, mucoids and g ly c o p ro te in s . The f i r s t  th re e  co n ta in  hex­
osamine as a m ajor component (more th an  fo u r p e r cen t) w hile th e  fo u r th  
co n ta in s  le s s  th an  fo u r per cen t hexosamine.
M ucopolysaccharides a re  hexosamine con ta in ing  p o lysaccharides in  
which a l l  o r n e a r ly  a l l  of th e  n itro g en  i s  co n trib u ted  by hexosamine, 
th e re fo re , th ese  compounds co n ta in  l i t t l e  o r no p ro te in . These compounds 
have h igh  m olecular weight and a re  probably  p o ly d isp e rse . Mucopolysaccha­
r id e s  a re  d iv ided  in to  n e u tra l  and ac id  m ucopolysaccharides s in ce  some 
have a c id  fu n c tio n s  and o th e rs  do n o t .  The n e u tra l  group inc lu d es  c h i t in ,  
a polymer of N -acetylglucosam ine and th o se  po lysaccharides which co n ta in  
hexosamine lin k ed  to  n e u tra l  su g ars; th e  n e u tra l  po lysaccharide of g a s t r ic  
mucosa, which i s  bound to  a mucin; type XIV pneumococcus polysac c h a r id e , 
which co n ta in  N -acetylglucosam ine and g a la c to se ; and th e  Shiga-Kruse spe­
c i f i c  po ly sacch arid e , which co n ta in s  glucosam ine, g a lac to se  and rhamnose.
The ac id  m ucopolysaccharides c o n ta in , in  a d d itio n  to  hexosamine, 
a carbohydrate w ith an ac id  fu n c tio n  and a re  in  tu rn  d iv ided  in to  two 
groups, th e  simple _acid mucopolysac ch arid e  s and th e  complex ac id  mucopoly­
sacch a rid es . The f i r s t  subgroup, th e  simple ac id  m ucopolysaccharides, a re  
th o se  which a re  composed of only a c e ty l  hexosamine and hexuronic a c id .
Two members of t h i s  group have been i s o la te d :  hyaluron ic  a c id  (6) which
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i s  composed of N -acetylglucosam ine and g lucuron ic  ac id  (th e  d isacch arid e  
u n i t  i s  hyalob iuron ic  ac id  1-4 lin k ag e) and chondro itin  (8 ) , C hondroitin 
i s  ccatçiosed of N -acety lgalactosam ine and u ro n ic  ac id  (th e  d i sac charide 
u n i t  i s  ^  g lucuronido 1:3 N -ace ty lga lactosam ine). These compounds are  
isom ers and have s im ila r  p ro p e r t ie s .
The complex ac id  m ucopolysaccharides inc lude  th e  su lphate  e s te r s  
or s u lf  omuc opolysac charide  s . H eparin, d iscovered  by McLean (13) i s  th e  
only member o f t h i s  group in  which th e  hexosamine i s  n o t a c e ty la te d . I t  
i s  a polymer o f glucosamine and g lucuronic  ac id  w ith an N -su lfa te  group 
(14) ,  (13) .  Heparin a lso  con ta in s  s u lfa te  in  a d d itio n  to  th e  N -su lfa te ; 
t h i s  s u lfa te  i s  probably  lin k ed  w ith  th e  u ro n ic  ac id  p o rtio n  of th e  mole­
cule according to  Wolfrom.
M ucoitin s u l f a te ,  f i r s t  described  by Levene (16) was rep o rted  to  
be an isom er o f cho n d ro itin  s u lfa te  found in  almost a l l  t i s s u e s .  I t  i s  
a polymer o f N -acetylglucosam ine and g lucuron ic  a c id . However, i t  i s  now 
f e l t  by some in v e s t ig a to r s  th a t  t h i s  m a te r ia l  was an a r t i f a c t  composed of 
a m ixture o f ■degraded hyaluronic  ac id  and ino rgan ic  s u lfa te  and does not 
e x is t ,  c e r ta in ly  no t in  abundance as has been p rev io u sly  s ta te d  ( l ? ) .  
Meyer (18) and Wolfrom (19) have both  s tu d ied  th e  f r a c t io n  and is o la te d  
glucosamine from i t .  I t  may be th a t  th ey  were studying heparin  monosul- 
f a te  o r th e  h e p a r i t in  s u lfa te  o f Jorpes and G ardell (2 0 ). However, the  
l a t t e r  conç»ound i s  dex tro  ro ta t in g  w hile m ucoitin  s u lfa te  was rep o rted  to  
e x h ib it a  n eg a tiv e  ro ta t io n .
K e ra to su lfa te  i s  th e  only member o f t h i s  sulfom ucopolysaccharide 
group which does no t con tain  u ro n ic  a c id . K era to su lfa te  i s  composed of 
N -acetylglucosam ine, g a lac to se  and s u l f a te .  The rep ea tin g  u n i t  o f 4-0-D
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galactopyra2iosyl-3-0-N  acetylglu .cosam ine-6-O -sulfate  has re c e n tly  been 
rep o rted  (2 1 ). I t  was is o la te d  by Meyer’s group in  1953 from bovine 
cornea (8 ) , Meyer a lso  rep o rted  k e ra to su lfa te  had been is o la te d  from 
c a l f  bone (22) and more re c e n tly  from r ib  c a r t i la g e  as suggested by 
S tidw orthy, S h e tla r  and M asters (23 ).
The ch o n d ro itin  s u lfa te s  a re  th e  b e s t ch arac te rized  and probably 
th e  most im portant members o f t h i s  group. There a re  th re e  d if f e r e n t  
cho n d ro itin  s u lfa te  compounds vdiich have been named ”A” , ”B” and ”C” . 
C hondroitin s u lfa te  ”A” and ”0” a re  c lo se ly  r e la te d  compounds and upon 
h y d ro ly s is , y ie ld  N -acetylglucosam ine, g lucuronic  acid  and s u lfa te  in  
equimolar r a t i o s .  Both a re  p o lyd isperse  polymers o f the  d isacch arid e  
chondrosine (3-0——(glycopyranosyluronic ac id ) -2-amino-2-deoxy g a lac to se ) 
(24)• These compounds a re  d is tin g u ish ed  by th e  s o lu b i l i ty  of t h e i r  re ­
sp ec tiv e  calcium  s a l t s  and by t h e i r  o p tic a l  ro ta t io n s .  Chondroitin 
s u lfa te  "A” p r e c ip i ta te s  in  a c e ta te  b u ffe r  a t  an a lcohol concen tra tion  
o f 30-40  per cen t and ”C” in  an a lco h o l con cen tra tio n  of from 40-45 per 
c e n t. In  n e u tra l  so lu tio n  ”A” has an o p t ic a l  ro ta t io n  o f f r t jp  -28° to  32° 
w hile th a t  of ”C” e x h ib its  a ro ta t io n  o f ^ J  p -12° to  -1 8 °. Chemically 
th e  only d iffe ren c e  between chondro itin  s u lfa te  "A” and ”C” i s  the  
p o s itio n  of th e  s u lfa te  group. In  ch o n d ro itin  s u lfa te  ”A” th e  s u lfa te  
i s  on th e  C4 carbon of th e  galactosam ine w hile in  ”C” i t  i s  on th e  C6 
p o s it io n .
C hondroitin s u lfa te  ”B” i s  a lso  ch a rac te riz ed  by o p tic a l  ro ta t io n  
and s o lu b i l i ty .  I t s  calcium  s a l t  p re c ip i ta te s  in  18-25 per cent e thano l 
and i t s  ro ta t io n  i s f o f jp  -60° to  - 70° (2 5 ).
In  ad d itio n  to  th e se  p ro p e r tie s  ch o n d ro itin  s u lfa te  ”B” cannot be
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enzym atically  hydrolyzed by t e s t i c u l a r  hyaluronidase a s  can and ”C” . 
While th e  u ro n ic  a c id  a n a ly s is  by th e  CO2 method of Tracey (26) showed 
th e  same u ro n ic  a c id  con ten t in  as in  ”A” and ”C” , th e  carbazole  
method (2?) in d ic a te d  to  have le s s  than  h a lf  th e  amount o f u ron ic  
a c id . This in d ic a te d  th a t  th e  u ro n ic  ac id s  were probably  d i f f e r e n t .  
Hoffman in  1956 id e n t i f ie d  th e  u ro n ic  acid  of cho n d ro itin  s u lfa te  B as 
idu ron ic  ac id  (2 8 ). Chemically cho n d ro itin  s u lfa te  ”B” i s  a (Ç -L - id io -  
pyranosyluronic a c id )  -3 -0 -N -ace ty lg a lac to sam in e-4 -su lfa te  polymer w ith 
1-4 lin k ag e  (2 9 ).
H ep aritin  s u lfa te  which y ie ld s  N -acetylglucosam ine glucuronic 
acid  and in  equim olar r a t io s  on hy d ro ly sis  i s  probably  id e n t ic a l  w ith 
m ucoitin  s u lfa te  which has a lread y  been d iscu ssed . I t  was f i r s t  described  
by G ardell and Jorpes in  Sweden in  1948 (20). I t  d i f f e r s  from heparin  in  
th a t  i t  co n ta in s  an N -ace ty l group and i s  le s s  h ig h ly  s u lfa te d .
The M ucoproteins. M ucoproteins a re  d is tin g u ish ed  from mucopoly­
saccharide by th e  f a c t  th a t  th e  bulk  of th e  n itro g en  i s  co n trib u ted  by 
amino a c id s . These compounds a re  high m olecular weight and a re  complexes 
of m ucopolysaccharides bound to  p ro te in s .
The Mucoids. The mucoids a re  carbohydrate co n ta in in g  high molecu­
l a r  weight p ro te in s  which co n ta in  more than fo u r p e r cen t hexosamine. The 
carbohydrate found of th e se  compounds i s  no t co n trib u ted  by th e  ac id  muco­
p o ly sacch arid e . N eu tra l mucoids which con tain  acety lg lucosam ine, g a lac­
to se  and in  some cases mannose and fucose have been is o la te d  from serum, 
u r in e , g a s t r ic  mucosa and pseudomucinous c y s ts . Mucins which con tain  
s i a l i c  a c id  in  a d d itio n  to  th e  above l i s t e d  carbohydrates a re  c la s s i f ie d  
as a c id  mucoids.
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G lycoproteins » The g ly co p ro te in s  a re  compounds of th e  p ro te in  
molecule w ith  a substance o r substances co n ta in in g  a carbohydrate o th e r 
th an  n u c le ic  a c id  (3 0 ) . The term  i s  u su a lly  r e s t r i c t e d  to  p ro te in s  con­
ta in in g  1 p e r cent o r more of carbohydrate. In  compounds o f t h i s  s o r t  
th e  carbohydrate i s  f irm ly  lin k ed  to  th e  p ro te in .
L ipopo lysaccharides. To th e  above c la s s i f ic a t io n  o f hexosamine 
con tain ing  compounds, a new group, th e  lip o p o ly sacch a rid e s , may now be 
added. Lipopolysac charide  s a re  high m olecular w eight compounds vrtiich 
c o n s is t o f a po lysaccharide  m oiety lin k ed  to  l i p i d .  The carbohydrate 
m oiety y ie ld s  glucosam ine, galactosam ine, muramic a c id , g lucose , g a lac ­
to s e ,  mannose, a rab in o se , and rhamnose upon h y d ro ly s is , Lipopolysaccha­
r id e s  a re  ty p ic a l ly  c o n s ti tu e n ts  o f gram -negative b a c te r ia l  c e l l  w a lls .
D is tr ib u tio n  o f Acid M ucopolysaccharides
The d is t r ib u t io n  o f th e  ac id  m ucopolysaccharides in  connective 
t i s s u e s  has been th e  su b jec t o f many in v e s t ig a t io n s . Some t i s s u e s  have 
been w ell s tu d ied  and th e  po lysaccharides c o n s ti tu e n ts  have been c a re fu l ly  
i s o la te d  and c h a rac te riz ed  vrtiile in  o th e r cases th e  rep o rted  r e s u l t s  have 
been based on chem ical evidence gained by a n a ly s is  of p a r t ic u la r  monomers 
and by analogy, th e  presence o f a p a r t ic u la r  m ucopolysaccharide o r group 
o f po lysaccharides has been determ ined.
These s tu d ie s  make i t  apparent th a t  ground substance i s  q u ite  
complex and th a t  th e  c o n s ti tu e n ts  no t only vary  from t i s s u e  to  t i s s u e  bu t 
a lso  change w ith in  a  given t i s s u e  w ith  tim e and p a th o lo g ic a l c o n d itio n s . 
The m ucopolysaccharide c o n s ti tu e n ts  of t i s s u e s  grouped according to  Meyer 
(31 ) in d ic a te s  th e  p re sen t s ta tu s  o f th ese  s tu d ie d .
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Group 1 . T issues which co n ta in  only hyaluronic  a c id . Those 
t i s s u e s  from which only hyaluron ic  ac id  has been is o la te d  a re  v itre o u s  
humor, synov ial f lu id ,  f i l t e r a b l e  fow l tumors and liposarcom a. Hyal­
uronic ac id  was id e n t i f ie d  by th e se  c r i t e r i a ;  hexosamine-uronic ac id  
r a t io  o f approxim ately one, and s u lfa te  le s s  than  0,5 p e r c e n t. Paper 
chromatography in d ic a ted  only  glucosamine and d ig e s tio n  by both t e s t i c u ­
l a r  and pneumococcal h ya lu ron idase . F rac tio n s  which f u l f i l l e d  th e se  
c r i t e r i a  had an o p tic a l  ro ta t io n  of [oC^ g -70° to  -8 0 ° ,
Group I I , T issues -vdiich co n ta in  only cho n d ro itin  s u lfa te  "A" 
and /or ”0” , T issues from which only  chondro itin  s u lfa te  "A" or ”C” , or 
a m ixture o f "A" and "C" have been is o la te d  and id e n t i f ie d  a re  c a r t i la g e ,  
ad u lt bone, chondrosarcoma and chondroma, C hondroitin  s u lfa te s  "A" and 
”0” were id e n t i f ie d  by th e  fo llow ing  c r i t e r i a .  On ac id  h y d ro ly s is  they  
y ie ld ed  equimolar amounts of galactosam ine, u ron ic  a c id , a c e tic  a c id  and 
s u l f a te .  The u ron ic  ac id  v a lu es  were th e  same e i th e r  by carbazo le  o r th e  
COg method. They were hydrolyzed by t e s t i c u l a r  hyaluronidase  bu t re ­
s i s ta n t  to  b a c te r ia l  h y a lu ron idase . Both gave th e  id e n t ic a l  d isac c h a rid e , 
chondrosine, "A" and ”0" were d i f f e r e n t ia te d  by s o lu b i l i ty  o f th e  resp ec­
t iv e  calcium  s a l t s  and by t h e i r  o p t ic a l  ro ta t io n s .  I t  i s  o f i n t e r e s t  th a t  
some chondrosarcomas co n ta in  only "A” w hile o th e rs  con tain  only ”0” ,
Since t h i s  c la s s i f ic a t io n  was made k e ra to su lfa te  has been is o la te d  from 
c a r t i la g e  and r ib  bone and more re c en t s tu d ie s  in d ic a te  th a t  a t  le a s t  
some chondrosarcoma t is s u e  a lso  co n ta in  sma l l  amounts o f t h i s  m a te r ia l.
Group I I I , T issues which co n ta in  hyaluronic  ac id  as  a major 
component and chondro itin  s u lf a te  "G" as a minor c o n s ti tu e n t. These 
t i s s u e s  a re  th e  u m b ilica l co rd , connective t i s s u e  from th e  main organ of
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th e  e le c t r i c  e e l and f ib r o b la s ts  grown in  t i s s u e  c u ltu re . A ll o f th ese  
t is s u e s  a re  ty p ic a l  of p r im itiv e  m éso th é lia l s t ru c tu re s .  This m ixture 
was id e n t i f ie d  and i t s  d is t r ib u t io n  was based on r o ta t io n ,  d ig e s tio n  by 
t e s t i c u la r  and b a c te r ia l  hyaluron idase , s o lu b i l i ty  and paper chromato­
graphy of th e  hexosamines.
Group IV. T issues which contain  ch o n d ro itin  s u lfa te  "B" as the  
major component, hyaluron ic  ac id  as a minor component. Pig sk in  and 
legumentum nuchae both  con tain  cho n d ro itin  s u lfa te  "B" as a m ajor com­
ponent w ith hyaluron ic  ac id  as a minor component. Ligumentum nuchae, in  
ad d itio n  con tains ch o n d ro itin  s u lfa te  "A". C hondroitin  s u lfa te  *'B" was 
id e n t i f ie d  by th e  fo llow ing  c h a r a c te r is t ic s .  I t  p re c ip i ta te d  as the  
calcium  s a l t  in  an a lcoho l co n cen tra tio n  o f le s s  than  tw en ty -fiv e  per 
c e n t. Acid h y d ro ly s is  produced equimolar amounts o f galactosam ine, u ron ic  
ac id  (by th e  CO2 m ethod), a c e tic  ac id  and s u l f a te .  The carbazole  method 
gave only $0 per cen t o f th e  value fo r  u ron ic  ac id  obtained by th e  CO2 
method. The o p tic a l  ro ta t io n  was [cQp -56° to  - 63° .  M id  ac id  hydroly­
s i s  produced a d isacch arid e  which d if fe re d  from chondrosine.
Group V. T issue which con tain  ch o n d ro itin  s u lfa te  ”B” and ”C” 
in  approxim ately equal amounts. This group o f t i s s u e s  inc lude  a d u lt 
connective t i s s u e ,  tendon, and h e a rt v a lv es . The l a t t e r  two t is s u e s  a lso  
have been shown to  con ta in  hyaluronic ac id  as a minor c o n s ti tu e n t.
Group VI. T issues which con tain  k e ra to s u lfa te  as a  m ajor com­
ponent, chondro itin  as a minor component. Of t h i s  group Meyer s ta te s ,_  
"This group i s  rep resen ted  only by bovine cornea. No o th e r t i s s u e  has 
been found in  which th e  major c o n s titu e n t i s  k e ra to s u lf a te ,  nor has th e re  
been any evidence of th e  ex istance  of an id e n t i f ia b le  f r a c t io n  w ith  th e
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p h y sica l and chemical p ro p e r tie s  o f ch o n d ro itin  in  any t is s u e s  o th e r 
than  co rn ea .”
Group V II. T issues which co n ta in  a conglom erate. T issues in  
Group VII in c lude : amyloid, bovine a o r ta  and young bone. These t i s s u e s  
con tain  a m ixture o f th e  cho n d ro itin  s u l f a te ,  some only p a r t i a l ly  s u l­
fa te d , hyaluronic a c id , k e ra to su lfa te  and compounds r e la te d  to  h ep arin .
From th i s  d is t r ib u t io n  d a ta , which i s  incom plete and su b jec t to  
many m o d ifica tio n s , i t  i s  apparent th a t  d i f f e r e n t  connective t i s s u e s  vary  
g re a tly  both w ith re sp ec t to  th e  c h a ra c te r  and amount of mucopolysaccha­
r id e s  which they  co n ta in .
This d is s e r ta t io n  i s  a study of one type of connective t i s s u e ,  
human c o s ta l  c a r t i la g e .  The purpose of t h i s  study has been to  c la r i f y  
and extend inform ation  on th e  ac id  m ucopolysaccharides and g ly co pro te in s 
of t h i s  p a r t ic u la r  t i s s u e .
CHAPTER II
METHODS
The t i s s u e  used in  t h i s  study was fre sh  human c o s ta l  c a r t i la g e  
obtained a t  autopsy from p a tie n ts  vary ing  in  age from prem ature to  
e ig h ty -e ig h t y ears  who had died  from v a rio u s  p a th o lo g ica l causes in  th e  
U n iv ers ity  and V eterans A dm inistra tion  H o sp ita ls , Oklahoma C ity , Okla­
homa, As soon as p o ss ib le  th e  c a r t i la g e  was cleaned by fre e in g  i t  from 
perichondrium  and removing any c a lc i f ie d  a re a s . This t i s s u e  was e i th e r  
s to red  in  a deep free ze  a t  -20°C. ,  o r was d r ie d , depending on th e  subse­
quent a n a ly s is .
T issue P rep a ra tio n  
Dried samples were prepared by c u tt in g  th e  t i s s u e  in to  f in e  ch ips 
w ith  a su rg ic a l k n ife  and drying th e se  ch ips in  a vacuum oven a t  60°C. 
under l in e  vacuum f o r  periods ranging from 17-24 hours. The d rie d  c a r t i ­
lage  was ground in  a micro model Wiley la b o ra to ry  m ill  to  pass through a 
60 mesh sieve and s to red  a t  room tem p eratu re .
Samples used in  e x tra c tio n  s tu d ie s  were kept frozen  u n t i l  they  
were used . A liquot samples were d rie d  ^  vacuo to  determ ine th e  dry 
weight of th e  t i s s u e s .  The r e s u l t s  o f a n a ly s is  were ca lc u la te d  on th e  
b a s is  o f t h i s  d ry  w eight de te rm in a tio n . This f re s h  o r frozen  t i s s u e  was 
d iced  and minced u s in g , a t  d if f e r e n t  tim e s , an e le c t r i c  meat g r in d e r , a
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L atapie m i l l ,  a Waring b lender o r a high speed V ir t i s  homogenizer or in  
c e r ta in  cases a combination of th e se  methods. In  a l l  o f th e se  procedures 
th e  t i s s u e  was p ro te c te d  from overheating  by u s in g  ic e ,  a co ld  room and 
in te rm it te n t  o p e ra tio n s .
Chemical Methods 
Uronic Acid
Uronic ac id  was determ ined by a m od ifica tio n  o f th e  carbazole  
meWiod of Dische (27)» Ten m illig ram  samples o f whole c a r t i la g e  and 
from one to  tw enty m illig ram  samples o f ex tra c te d  f r a c t io n s  were weighed 
on a m icro balance and were p laced  in  16 x  150 m illim e te r  ground g la ss  . 
stoppered t e s t  tu b e s . Ten m i l l i l i t e r s  of 85.7 p e r cent s u lfu r ic  acid  
(Dupont reagen t grade H2S0/^, sp e c if ic  g ra v ity  1 .8 4 , d ilu te d  s ix  to  one 
w ith  d i s t i l l e d  w ater) were added and th e  r e s u l t  and m ixture was hydroly­
zed fo r  15 m inutes in  a b o ilin g  w ater b a th , cooled on cold  w ater and two 
m i l l i l i t e r  a liq u o ts  p ip e tte d  in to  each of th re e  g la ss  stoppered c e n tr i ­
fuge tu b e s . Twelve m i l l i l i t e r s  o f th e  s ix  to  one s u lfu r ic  a c id  was added 
to  each tu b e . The tu b es  were cooled in  an ic e  b a th  and 0 .4  m i l l i l i t e r s  
of carbazole reagen t (O .l per cent r e c ry s ta l l iz e d  carbazole in  abso lu te  
ethano l) was added to  two of th e  tubes w hile th e  th i r d  which received  
0 .4  m i l l i l i t e r s  ab so lu te  e thano l served as a b lan k . The co n ten ts  of th e  
tubes were mixed by in v e rs io n  and p laced  in  an in cu b ato r a t  37°C. fo r  
one hour and in  a  w ater ba th  a t  30°C. fo r  an a d d it io n a l hour. The samples 
were read  in  square c u v e tte s  in  a Coleman Model 14 spectrophotom eter a t  
530 m illim icrons a g a in s t th e i r  re sp ec tiv e  b lank . A standard  of g lucuronic 
ac id  lac to n e  eq u iv a len t to  100 m illig ram s o f g lucuron ic  ac id  in  two
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m i l l i l i t e r s  o f w ater was c a rr ie d  through th e  same procedure except fo r  
th e  i n i t i a l  h y d ro ly s is ,
Hexosamine
Hexosamine was determined by a m o d ifica tio n  (32) o f th e  KLson- 
Morgan re a c tio n . To a weighed amount, u su a lly  te n  m illigram s of c a r t i ­
lage or c a r t i la g e  e x tr a c t ,  was added two m i l l i l i t e r s  of d i s t i l l e d  w ater 
and two m i l l i l i t e r s  o f e ig h t N hydrochloric  a c id . The samples were hy­
drolyzed fo r  fo u r to  f iv e  hours in  a b o ilin g  w ater bath  using  a funnel 
w ith a s t i r r i n g  rod in s e r te d  in  i t s  stem fo r  r e f lu x .  The hydro lysates 
were cooled in  an ic e  bath  and f i l t e r e d  through Whatman No, 1 f i l t e r  
paper in to  te n  m i l l i l i t e r s  volum etric f la s k s .  The tu b e , f i l t e r  paper and 
funnel were rin se d  sev e ra l tim es w ith d i s t i l l e d  w a ter. The volume was 
ad justed  to  te n  m i l l i l i t e r s  and mixed. One or two m i l l i l i t e r s  o f the  
hydro lysate  was tr a n s fe r re d  in to  fou r 15 m i l l i l i t e r  c a lib ra te d  c en trifu g e  
tubes and was n e u tra liz e d  w ith  2,5 normal sodium hydroxide using  phenol- 
ph th a le in  as an in te r n a l  in d ic a to r .  Standards o f glucosamine hydrochlo­
r id e  of 50 and 100 micrograms were c a rr ie d  through th e  same procedure.
A ll tubes were d ilu te d  to  3*5 m i l l i l i t e r s  w ith  d i s t i l l e d  w ater and to  
th re e  o f th e  tubes in  each s e t was added two m i l l i l i t e r s  of a c e ty l acetone 
so lu tio n  (0 ,2  m i l l i l i t e r s  o f a ce ty l acetone d isso lv ed  in  te n  m i l l i l i t e r s  
of 0,5 molar sodium carbonate , f re s h ly  p rep a red ). To th e  fo u rth  tu b e , 
which serves as th e  b lank , was added two m i l l i l i t e r s  of 0,5 molar sodium 
carbonate . The samples were mixed by in v e rs io n  aind placed in  an ic e  b a th . 
Absolute a lco h o l was added to  b ring  th e  volume to  te n  m i l l i l i t e r s  and two 
m i l l i l i t e r s  of E h r lic h ’ s reagen t ( f iv e  grams of paradim ethylam inobenzal-
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dehyde in  190 m i l l i l i t e r s  of ab so lu te  a lco h o l and I 90 m i l l i l i t e r s  of 
concen tra ted  hydrochloric  ac id ) was added to  each tu b e . The con ten ts  
were again  mixed by in v e rs io n  and incubated  a t  37»5°C, fo r  45 m inutes.
Each sample was read  a t  540 m illim ic ro n s  ag a in s t i t s  re sp ec tiv e  blank 
in  a Coleman Model 14 spectrophotom eter. Values were c a lc u la te d  on th e  
b a s is  o f glucosam ine.
Hexose
Hexose was determined by a m o d ifica tio n  of th e  enthrone re a c tio n  
rep o rted  by S h e tla r , e t  a l .  (33)» In  t h i s  a n a ly s is  h y d ro ly sis  was c a r r ie d  
out as described  above fo r  hexosamines and in  most cases on th e  same hy­
d ro ly sa te  used in  th a t  de term in a tio n . One m i l l i l i t e r  of th e  h y d ro ly sa te , 
p ro p o r tio n a l to  one-ten th  of th e  o r ig in a l  sample was p ip e tte d  in to  each 
of two g la s s  stoppered c en tr ifu g e  tu b es  and was d ilu te d  w ith  two m i l l i ­
l i t e r s  o f d i s t i l l e d  w ater. S tandards were prepared w ith each s e t  u sing  
25 micrograms each of ga lac to se  and mannose in  th re e  m i l l i l i t e r s  w ater 
f o r  each tu b e . The reagent b lank con tained  only th e  th re e  m i l l i l i t e r s  of 
d i s t i l l e d  w a te r . The tubes were cooled fo r  15 m inutes in  an ic e  bath  and 
s ix  m i l l i l i t e r s  of an thron ic  reagen t (0 . I 5 per cent enthrone in  95 per 
cen t s u lfu r ic  a c id , aged a t  l e a s t  fo u r hours) was added to  each tu b e .
The con ten ts  were mixed by in v e rs io n  and allowed to  re a c t in  a b o ilin g  
w ater ba th  fo r  20 m inutes. They were cooled in  an ic e  bath  fo r  te n  min­
u te s  and th e  o p t ic a l  d en sity  determ ined a g a in s t th e  blank in  a Coleman 
Moael 14 spectrophotom eter a t  520 m illim ic ro n s.
N itrogen
N itrogen was determined in  th e  micro K jeldahl apparatus o f Jenden
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and Taylor (34)» In  th e  a n a ly s is  o f vdiole c a r t i la g e  and e x tra c ts  vdiere 
s u f f ic ie n t  m a te r ia l  was a v a ila b le  approxim ately 150 m illig ram  amounts 
weighed on a m icro b a lan ce , however, in  c e r ta in  cases amounts as low as 
f iv e  m illig ram s were u sed . These samples were d ig e s ted  w ith one m i l l i ­
l i t e r  o f co n cen tra ted  s u lfu r ic  acid  to  which one o r two Henger g ranu les 
were added. D igestion  was continued a t  l e a s t  one hour a f t e r  th e  sample 
had c le a re d . The d ig e s t was tra n s fe r re d  q u a n t i ta t iv e ly  in to  a te n  m i l l i ­
l i t e r  vo lum etric  f la s k  and d ilu te d  to  te n  m i l l i l i t e r s  w ith  d i s t i l l e d  
w a ter. One to  two m i l l i l i t e r  a liq u o ts  o f th e  d ig e s t were p ip e tte d  in to  
th e  d i s t i l l a t i o n  f la s k .  In  cases where sm all amounts were used d ig e s tio n  
was c a r r ie d  out in  th e  same f la s k  vdiich was used fo r  d i s t i l l a t i o n  eind no 
t r a n s f e r  was n ecessa ry . The ground g la s s  jo in t  o f th e  d i s t i l l a t i o n  f la s k  
was lu b r ic a te d  w ith  50 per cent sodium hydroxide and connected to  the  
d i s t i l l a t i o n  ap p a ra tu s . The con ten ts were n e u tra liz e d  w ith  50 p er cent 
sodium hydroxide. The amount v a ried  w ith  th e  procedure i n i t i a l l y  fo llow ­
ed. A 50 m i l l i l i t e r  Erlenmeyer f la s k  to  which e x ac tly  te n  m i l l i l i t e r s  
o f 0.01 normal s u lfu r ic  ac id  and a drop of m ethyl red  in d ic a to r  had been 
added was p laced  under th e  condenser so th a t  th e  condenser t i p  dipped in to  
th e  a c id . Steam was allowed to  pass in to  th e  appara tu s and d i s t i l l a t i o n  
proceeded fo r  two m inutes a f t e r  vdiich th e  re c e iv e r  was lowered and the  
system flu sh ed  fo r  an a d d itio n a l m inute. Approximately 0.01 normal 
sodium hydroxide was a cc u ra te ly  s tan d ard ized . I t  was dispensed by a 
m icrobu re tte  to  t i t r a t e  th e  p a r t i a l ly  n e u tra liz e d  s u lfu r ic  acid  to  a 
yellow -orange end p o in t .
Chromatographic Procedures 
Paper chromatography was used in  t h i s  study  fo r  th e  i s o la t io n  and
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id e n t i f ic a t io n  o f th e  monomers of th e  po lysaccharides both  o f th e  whole 
c a r t i la g e  and of th e  f r a c t io n s  obtained by e x tra c tio n  p rocedures. Hydrol­
y s is  o f th e se  m a te r ia ls  was ca ta ly zed  by th e  hydrogen form of Perm utit y, 
a po lysty rene  su lfo n ic  ac id  c a tio n  exchange r e s in ,  prepared as described  
by Glegg, e t  (35)• The r e s in  was ac id  regenera ted  by s t i r r i n g  w ith 
an equal volume o f 4*4 normal hydroch loric  ac id  f o r  two to  th re e  hours, 
washed rep ea ted ly  w ith  d i s t i l l e d  w ater in  a sep ara to ry  funnel u n t i l  f re e  
of ch lo rid e  io n s  and was then  ex tra c te d  in  a la rg e  so x le t type e x tra c to r  
u n t i l  th e  e x tra c t was c le a r .  Amounts vdiich ranged from te n  to  100 m i l l i ­
gram of sample, two m illig ram s of re s in  and f iv e  m i l l i l i t e r s  of w ater were 
p laced in  16 X 125 m illim e te r  c u ltu re  tubes w ith screw caps and were incu­
bated  in  an oven fo r  48 hours a t  100°C. A fte r co o lin g , th e  hydrolyzed 
m ixture and r e s in  were q u a n ti ta t iv e ly  tr a n s fe r re d  to  a g la ss  chromato­
graphy column (15 m illim e te r  in s id e  d iam eter, 300 m illim e te rs  in  le n g th ) . 
The l iq u id  p o rtio n  was allowed to  pass through th e  column and was c o l le c t­
ed in  50 m i l l i l i t e r  Erlenmeyer f la s k s .  The re s in  was washed tw ice w ith 
te n  m i l l i l i t e r  p o rtio n s  o f d i s t i l l e d  w ater. This f r a c t io n  was designated  
as th e  w ater e lu a te .  The r e s in  was then  e lu ted  w ith  two te n  m i l l i l i t e r  
p o rtio n s  of 0 .5  normal hydroch lo ric  ac id  and th e  f r a c t io n  c o lle c te d  was 
designated  as  th e  hydroch lo ric  ac id  e lu a te . Both f r a c t io n s  were evapor­
a ted  to  dryness ^  vacuo u s in g  e i th e r  a Rinco evaporato r o r by ly o p h il i -  
z a tio n . The d rie d  m a te r ia l  was d isso lved  in  an a c c u ra te ly  measured amount 
of w ater p ro p o rtio n a l to  th e  s ta r t in g  m a te r ia l ,  to  give a so lu tio n  equiva­
le n t  to  100 m illig ram s o f s ta r t in g  m a te r ia l per m i l l i l i t e r .  One hundred 
m ic ro li te r  a l iq u o ts  o f th e se  so lu tio n s  were p ip e tte d  as spo ts onto 6 x 
22g inch  sh ee ts  o f chromatographic f i l t e r  paper and developed a t  room
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tem perature in  th e  bu tan o l-p y rid in e-w ate r system of C hargaff, e t  a l .  (36 ), 
u sing  th e  descending tech n iq u e. In  th e  case of th e  w ater e lu a te  chroma­
tograph ic  papers Whatman No. 3 m illim e te r o f fo u r or Sch le icher and Schuel 
No. 589 red  ribbon  were u sed . The straw  co lo red  liq u id  was app lied  as 
spo ts one inch  a p a rt along a l in e  o f o r ig in  2-3 /4  inches from one of th e  
narrow edges o f th e  paper. On th e  cen te r spot a known m ixture of 50 
micrograms each of g lucuronic a c id , g a la c to se , mannose and fucose was 
ap p lied . Development was allowed to  continue u n t i l  the  so lvent f ro n t had 
reached th e  lower edge of th e  suspended pap er. The chromatograms were 
removed from th e  developing j a r  or chromatocab and a i r  d rie d  in  a fume 
hood u n t i l  th e  py rid in e  odor was n e g lig ib le , then  heat d ried  in  an oven 
a t  UO°C. fo r  a few minutes to  remove th e  l a s t  tra c e s  o f th e  so lven t sys­
tem. The carbohydrate components of t h i s  system were d e tec ted  by spraying 
th e  chromatogram l ig h t ly ,  w ith  2-amino-bipheny1-phosphate (37 ). This 
reagen t i s  prepared by d isso lv in g  th re e  grams of 2-amino-bipheny1 in  100 
m i l l i l i t e r s  o f g la c ia l  a c e tic  ac id  to  which 1.3 m i l l i l i t e r s  of 85 per cent 
reagen t grade phosphoric ac id  has been added. The sprayed chromatogram 
was d rie d  in  a fume hood using  a hot a i r  blower and then heated in  an oven 
a t  UO°C. fo r  two to  th re e  m inutes.
The hydrochloric  a c id  e lu a te , which contained th e  hexosamines was 
sub jec ted  to  th e  same chromatographic system except th a t  Whatman No, 4 
chromatographic paper and th e  technique of m u ltip le  development was used . 
A fte r th e  i n i t i a l  l6  hour development th e  chromatogram was d ried  and r e ­
developed in  th e  same d ire c tio n  fo r  an a d d itio n a l 16 hour p e rio d . A 50 
microgram glucosamine standard  or a f t e r  galactosam ine became commercially 
a v a ila b le , one con tain ing  50 micrograms each of glucosamine and g a lac to -
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samine were run w ith  each s t r i p .
Q u an tita tio n  o f u ron ic  ac id  and th e  hexosamines was achieved by 
a m o d ifica tio n  o f t h i s  chromatographic sep a ra tio n  and chemical a n a ly s is  
of th e  e lu te d  m a te r ia l .  The uron ic  ac id  con ten t of th e  h y d ro lysa te  was 
determ ined by c u tt in g  out th e  s ta in ed  u ro n ic  ac id  a reas  w ith  a s c is s o r s ,  
reducing th e se  a re as  to  sm all p ieces  and t r a n s fe r r in g  th e se  p iece s  to  a 
g la ss  stoppered 16 x  150 m illim e te r t e s t  tu b e . A paper b lank was prepared 
in  th e  same manner, using  a sugar f r e e  a rea  o f comparable s iz e  from th e  
sheet o f p aper. One m i l l i l i t e r  of d i s t i l l e d  w ater was added to  each tube 
and th e  tubes were p laced  in  a b o ilin g  w ater bath  fo r  one hour. The tubes 
were cooled in  an ic e  bath and f iv e  m i l l i l i t e r s  of 0 .4  p e r cen t 2-amino- 
biphenylphosphate in  g la c ia l  a c e tic  a c id  was added. The tubes were r e ­
tu rned  to  th e  b o il in g  w ater bath  fo r  an a d d itio n a l hour, cooled, c e n t r i ­
fuged and th e  u ron ic  ac id  determ ined in  a Beckman DU spectrophotom eter a t  
369 m illim icrons a g a in s t th e  paper b lank and compared to  a 50 microgram 
uron ic  ac id  standard  obtained from th e  same chromatogram.
Q u an tita tio n  o f glucosamine and galactosam ine in  th e  hydroch lo ric  
ac id  e lu a te  was achieved by use of s id e  markers o f known glucosamine and 
galactosam ine. In  e a r ly  work th e  galactosam ine was obtained by th e  hy­
d ro ly s is  o f ch o n d ro itin  s u l f a te .  These s tandards were app lied  as spo ts  
along th e  l in e  o f o r ig in , one inch from th e  long edges of th e  paper. 
D uplicate  samples o f th e  e lu a te  were ap p lied  2 -1 /4  inches from th e  long 
edge of th e  p ap er. A fte r double development th e  s id e  markers were cut 
from th e  paper and s ta in ed  as described  above. The two un sta in ed  c en te r  
sec tio n s  o f th e  paper corresponding in  m ig ra tion  to  th e  s ta in ed  s id e  
markers which contained  th e  separa ted  amino sugars were p laced  in  15
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m i l l i l i t e r  graduated c e n tr ifu g e  tu b es  and analyzed by a m odified E lson- 
Morgan re a c t io n . To each tu b e  was added 3*5 m i l l i l i t e r s  o f d i s t i l l e d  
w ater and two m i l l i l i t e r s  f r e s h ly  prepared a c e ty l acetone so lu tio n  (two 
p er cen t a c e ty l acetone d isso lv ed  in  0.5 M sodium carb o n ate ). The tubes 
were stoppered , mixed and p laced  in  a b o ilin g  w ater ba th  f o r  tw enty min­
u te s ,  cooled in  an ic e  bath  and d i lu te d  to  te n  m i l l i l i t e r s  w ith ab so lu te  
e th an o l. Two m i l l i l i t e r s  o f E h r lic h ’ s reagen t (prepared by d isso lv in g  
f iv e  grams paradim ethylam inobenzaldehyde in  190 m i l l i l i t e r s  of abso lu te  
e thano l and adding 190 m i l l i l i t e r s  of concen tra ted  hydroch loric  ac id ) was 
added to  each tu b e , c a re fu l ly  mixed by in v e rs io n  and re ac ted  in  a 37»5°C. 
in cu b ato r fo r  45 m inutes. Samples were c en tr ifu g ed , decanted and read 
ag a in s t a paper blank a t  540 m illim ic ro n s  in  a Coleman Model 14 sp ec tro ­
photom eter. The co n cen tra tio n s  o f glucosamine and galactosam ine were 
c a lc u la te d  on a percentage b a s is  and equated to  th e  t o t a l  hexosamine value 
obtained  by th e  chemical a n a ly s is  o f th e  whole f r a c t io n  as  described  in  
th e  preceeding sec tio n .
F ra c tio n a tio n  S tudies 
The f r a c t io n a tio n  o f th e  carbohydrate m a te r ia l p re sen t in  human 
c o s ta l  c a r t i la g e  was c a r r ie d  out on specimens taken  from persons varying 
in  age from term  to  e ig h ty -f iv e  y e a r s .  Three d if f e r e n t  f ra c t io n a tio n  
procedures were follow ed to  determ ine vdiat m ucopolysaccharide f r a c tio n s  
were p re sen t in  th ese  t i s s u e s  and to  determ ine what changes occurred w ith 
th e  aging p ro cess .
Aqueous E x trac tio n  
The method by which S ha ttan  and Schubert is o la te d  a ch ro n d ro itin
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s u lfa te -p ro te in  complex from bovine n a sa l c a r t i la g e  (38) was followed 
w ith  c e r ta in  m o d ifica tio n s  to  f i t  th e se  experim ental co n d itio n s  as shown 
in  Chart 1.
Approximately 150 grams of a  f re sh -fro ze n  c a r t i la g e  sample was 
shaved in to  sm all ch ip s and was ground in  an e le c t r i c  meat g r in d e r then 
"homogenized" in  a Waring b lender.
The sample was kept cold by using  ic e  made from d i s t i l l e d  w ater 
in  c h il le d  d i s t i l l e d  w a ter. The homogenizer and meat g r in d e r were oper­
a ted  in te rm it te n t ly  to  avoid warming. A ll c e n tr ifu g a tio n s  were c a rr ie d  
out in  th e  co ld . The resultanTTiomogenate was q u a n t i ta t iv e ly  tra n s fe r re d  
from th e  homogenizer w ith d i s t i l l e d  w ater.and  brought up to  a volume of 
4000 m i l l i l i t e r s ,  30 m i l l i l i t e r s  of to luene  were added to  p reven t bac­
t e r i a l  contam ination . The homogenate allowed to  -stand in  th e  r e f r ig e r a to r  
fo r  s ix  days. The supernatan t l iq u id  was sep ara ted  by d écan ta tio n  sifter 
c e n tr ifu g a tio n , and was p re c ip ita te d  w ith two volumes of a lco h o l. A w hite , 
f lo c c u le n t p r e c ip i ta te  formed immediately and was aged in  th e  r e f r ig e r a to r  
fo r  th re e  days, c en tr ifu g ed  and th e  supernatan t f r a c t io n  from t h i s  a lcohol 
p re c ip i ta t io n  was added 240 m i l l i l i t e r s  of an aqueous so lu tio n  of p o ta s s i­
um a c e ta te  (one gram of potassium  a c e ta te  per m i l l i l i t e r  of w a te r) . This 
s a l t  caused a second p re c ip i ta t io n  o f w hite f lo c c u le n t m a te r ia l .  The 
so lu tio n  was s to re d  in  th e  r e f r ig e r a to r  fo r  two days and th e  p re c ip i ta te  
was c o lle c te d  by c e n tr ifu g a tio n . The a lcoho l and potassium  a c e ta te  p re­
c ip i ta te s  were d r ie d  in  vacuo. The re s id u a l  c a r t i la g e  was e x tra c te d  two 
a d d itio n a l tim es in  th e  same manner fo r  pe rio d s  of fo u r and f iv e  days 
re sp e c tiv e ly  and th e  r e s u l ta n t  f r a c t io n s  p re c ip i ta te d  as d esc rib ed  above. 
Each of th e  f r a c t io n s  were d r ie d , ground to  pass through a 60 mesh screen
Chart 1
C artila g e  E x trac tio n  by Mild Aqueous S o lu tio n s  and F ra c tio n a tio n  o f E x trac ts
157.5  grams f re s h  c a r t i l a g e ,  shaved, ground, homogenized
4000 ml H2O 
6 days, 4° C 
C entrifuge
Residue
1000 ml HgO 




3 days, 4" C 
C entrifuge
Residue Supernatant
800 ml H2O 2 volumes EtOH
5 days, 4° C 2 days, 4° C
C entrifuge C entrifuge
P r e c ip i ta te  
1 s t HpO
Supernatant 
2 volumes EtOH 
2 days, 4° 0 
C entrifuge
P re c ip i ta te  
2nd HgO
Supernatant 
66 ml KAc 
2 days, 4° C
P re c ip i ta te  
3 rd  HgO
Supernatant
50 ml KAc
P re c ip i ta te  
KAc #2





240 ml I(Ac 
(1 g /k l)
2 days, 4 “ 
Centrifuige




1000 ml HgO 
300 g KOI
10 g KgCOq 
4 days, 4 “  ̂
C en trifuge
Supernatant
D ialyzed 7 days 
C oncentrated in  cold  to  250 ml 




P re c ip i ta te  
K2CO3 #1
1000 ml H2O 
300 g KCl 
10 g K2CO 
5 days, 4° 
C entrifuge
Supernatant 
D ialyze 2 days 
C oncentrate 




1000 ml 0.5  N NaOH 
5 days, 4° C 
C entrifuge





1000 ml 0.5  N NaOH 
4 day, 4 “ C 
C entrifuge
N eu tra lize
D ialyze
C oncentrate to  500 ml 
50 KAc, 2 volumes
Supernatant Residue
P r e c ip i ta te
NaOH
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and were analyzed s e p a ra te ly . The re s id u a l c a r t i la g e  was then  sub jec ted  
to  a fu r th e r  e x tra c tio n  w ith  potassium  ch lo rid e  and potassium  carbonate 
as described  by Einbender and Schubert (39)» I t  was ex trac ted  in  th e  
cold fo u r days in  a l i t e r  o f w ater which contained  300 grams potassium  
c h lo rid e  and te n  grams potassium  carbonate . The supernatan t was removed 
by c e n tr ifu g a tio n  and d écan ta tio n . I t  was d ia lyzed  fo r  seven days a g a in s t 
cold running ta p  w ater and concen tra ted  to  approxim ately 250 m i l l i l i t e r s  
u sing  a ro ta t in g  evapo rato r w ith  a vacuum pump u t i l i z in g  a double dry ic e  
t r a p .  The m ucopolysaccharides were p re c ip ita te d  w ith a m ixture of 40 
grams of potassium  a c e ta te  in  two volumes o f a lcoho l and th e  re s id u e  was 
re -e x tra c te d  and th e  supernatan t re p re c ip i ta te d  by th e  same method. To 
th e  unex trac ted  m a te r ia l one l i t e r  o f 0.5 normal sodium hydroxide was 
added. A fte r th re e  days th e  supernatan t was removed, n e u tra liz e d  w ith 
hydrochloric" ac id  and d ia lyzed  fo u r days. Following an a d d it io n a l ex­
t r a c t io n  th e  supernatan t f r a c t io n s  were pooled and th e  p re c ip i ta t io n  
procedures c a r r ie d  out as in  th e  preceding s te p . The re s id u a l m a te ria l 
was d ried  under vacuum.
Sodium Hydroxide E x trac tio n  
Fresh frozen  c a r t i la g e  samples weighing between 2 .2  to  14 grams 
were cu t in to  sm all shavings and were homogenized in  a high speed V ir t i s  
homogenizer in  0.5 normal sodium hydroxide. They were tra n s fe r re d  q u an ti­
t a t iv e ly  to  250 m i l l i l i t e r  c en tr ifu g e  b o t t le s  u s in g  the  sodium hydroxide 
so lu tio n  fo r  t r a n s f e r .  The volume was brought to  100 m i l l i l i t e r  w ith  th e  
same so lu tio n . The samples were e x trac ted  f iv e  days in  th e  r e f r ig e r a to r  
and th e  supernatan t removed by c e n tr ifu g a tio n  and d écan ta tio n . The r e s i -
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dues were washed w ith  cold w a ter, and were d iv ided  using  ly o p h il iz a t io n  
in  th e  o r ig in a l  250 m i l l i l i t e r  c e n tr ifu g e  b o t t l e s . The washings were 
added to  th e  supernatan t so lu tio n s  which were then  n e u tra liz e d  w ith  
hydroch loric  ac id  d i lu te d  to  a volume of 200 m i l l i l i t e r s  o f e th y l a lco h o l. 
The p re c ip i ta te  was c o lle c te d  by c e n tr ifu g a tio n  and a f t e r  stand ing  in  th e  
cold o v ern ig h t, th e  ad d itio n  o f 638 m i l l i l i t e r s  o f a lcoho l to  th e  decanted 
supernatan t brought th e  a lco h o l co n cen tra tio n  to  84 per cen t and brought 
about a second p re c ip i ta t io n .  A fte r standing  in  th e  r e f r ig e r a to r  over­
n ig h t th e se  so lu tio n s  were again  c e n tr ifu g e d . The p re c ip i ta te  was d rie d  
by ly o p h iliz a tio n  and th e  supernatan t reduced in  volume in  a ro ta t in g  
. evaporato r and f in a l ly  d ried  by ly o p h il iz a t io n . This procedure i s  ou t­
lin e d  in  Chart 2.
Enzymatic D igestion  
C a rtila g e  samples were t r e a te d  w ith  th e  p ro te o ly tic  enzymes 
pepsin  and t ry p s in  fo r  removal o f p ro te in  to  f a c i l i t a t e  th e  e x tra c tio n  
of m ucopolysaccharides. The procedure followed was a m o d ifica tio n  of 
th a t  rep o rted  by Dyrbye and K irk (4 0 ) . Their method i s  derived  from 
methods described  by Meyer, e t  (25 ), (41) and by Pearce and Watson 
(42 ) .  Fresh o r frozen  c a r t i la g e  samples of up to  50 grams c a r t i la g e  
were weighed and ground in  a Waring b lender con tain ing  approxim ately 250 
m i l l i l i t e r s  o f cold d i s t i l l e d  w ater f o r  two to  th re e  hours o f in te rm it te n t  
g rin d in g . The homogenates were tra n s fe r re d  to  a l i t e r  Erlenmeyer f la s k  
w ith  rep eated  w ater washings and brought to  a volume of approxim ately 
500 m i l l i l i t e r s  w ith d i s t i l l e d  w a te r . The pH of th e  homogenates were ad­
ju s te d  to  pH 1 .5  and of 50 m illig ram s pepsin  (pepsin  powder N .F .) were
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Chart 2
C artilag e  E x trac tio n  by Sodium Hydroxide and F rac tio n a tio n - o f E x trac ts
Fresh C artilag e  Shavings
50 ml 0,5 N NaOH 
Homogenized 




I Wash 3 tim es w ith  HgO
N eu tra lize
P r e c ip ita te  
2 v o l .  a lco h o l p re c ip i ta te
2 volumes EtOH 
C entrifuge
Supernatant




P re c ip ita te  
84^  a lcoho l p re c ip i ta te
Supernatant
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added. One m i l l i l i t e r  of to luene  was lay ered  onto th e  m ix tures to  p reven t 
b a c te r ia l  a c tio n  and th e  f la s k  was p laced  in  a 37°C. in cubato r oven fo r  
48 hours. The so lu tio n  was n e u tra liz e d  w ith  sodium hydroxide and th e  
supernatan t so lu tio n  removed by c e n tr ifu g a tio n  and d écan ta tio n . This 
c le a r ,  v iscous l iq u id  was d ia lyzed  a g a in s t d i s t i l l e d  w ater and th e  d ia ly -  
s a te  c o lle c te d  and concentra ted  a f t e r  pe rio d s  o f two, s ix  and th i r te e n  
_days. The non -d ia lyzab le  f r a c t io n  was d r ie d  by ly o p h iliz a tio n . To th e  
re s id u e  from th e  pepsin  d ig e s t was added I 50 m i l l i l i t e r s  of pH 7»5 phos­
phate b u ffe r  and 50 m illig ram s of t ry p s in .  The same procedure o f enzy­
m atic d ig e s tio n  was follow ed as p rev io u s ly  d esc rib ed . The d ia ly s a te s  
were analyzed chem ically fo r  hexosamine and were sub jec ted  to  paper 
e le c tro p h o re s is . Since no carbohydrate was found in  th e se  f r a c t io n s  
they  were d isca rd ed . The non -d ia ly zab le  f r a c t io n s  were d isso lv ed  in  
w ater and p re c ip ita te d  w ith  a p re c ip i ta t io n  m ixture composed of one gram 
potassium  a c e ta te  in  100 m i l l i l i t e r s  o f e th y l a lcoho l which had been 
a c id i f ie d  w ith  one m i l l i l i t e r  of g la c ia l  a c e tic  a c id . Two volumes of 
t h i s  m ixture were added to  th e  non -d ia ly zab le  f r a c t io n s ,  which were then  
mixed by in v e rs io n  and re f r ig e ra te d  fo r  two days. The samples were 
c en trifu g ed  and th e  supernatan t d isca rd ed . The p re c ip i ta te s  were d is ­
solved in  one normal a c e tic  a c id  and p re c ip i ta t io n  was re p e a te d . The 
p re c ip i ta te s  were red isso lv ed  and p re c ip i ta te d  w ith  two volumes e th y l 
a lcoho l and allowed to  stand  in  th e  cold  f o r  a t  le a s t  two days. The p re ­
c ip i ta te  was c o lle c te d  by c e n tr ifu g a tio n  and th e  supernatan t f r a c t io n  
brought to  an a lcoho l co n cen tra tio n  of 84 p er cent and re p re c ip i ta te d  in  
th e  cold  fo r  a t  le a s t  two days. The p r e c ip i ta te s  were d ried  ^  vacuo. . 
and th e  supernatan t a lcoho l f r a c t io n s  reduced in  volume using  a Rinco
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evaporato r and d r ie d  by ly o p h iliz a tio n . The re s id u a l  c a r t i la g e  was r e ­
moved from th e  d ia ly s is  tub ing  and ly o p h iliz e d . This procedure i s  out­
lin e d  in  Chart 3»
P u r if ic a t io n  o f th e  f r a c t io n  which p re c ip i ta te d  in  84 per cent 
a lco h o l was c a r r ie d  out by enzymatic d ig e s tio n  and p re c ip ita t io n  w ith  th e  
a l ip h a t ic  ammonium s a l t  cetyltrimethylammonium bromide. One hundred 
m illig ram s o f papain  and two hundred m illig ram s of th e  m a te ria l to  be 
p u r if ie d  were added to  f iv e  m i l l i l i t e r s  o f pH 6 .5 , 0 .1  M phosphate b u ffe r  
which con tained  0.005 M d is odium ethy lened iam inete t ra a c e t a te  and 0.005 M 
c y ste in e  hyd ro ch lo rid e . The d ig e s tio n  was allow ed to  proceed overnight 
a t  37°C. and th e  d ig e sted  m a te r ia l was d ia ly zed  ag a in s t sev e ra l changes 
o f d i s t i l l e d  w ater fo r  seventy-two hours. The re s u l ta n t  nondialyzable 
f r a c t io n  was ly o p h iliz e d  and ad ju sted  to  pH 9*5 by th e  ad d itio n  o f 10 
m i l l i l i t e r s  sodium b o ra te  0.05 M. Five hundred m illig ram s of c e t y l t r i -  
methylammoniumbromide were added and th e  m ixture was shaken m echanically 
fo r  one hour and allow ed to  stand a t  4°C. o v e rn ig h t. The p re c ip i ta te  
was c o lle c te d  by c e n tr ifu g a tio n  and t r e a te d  th re e  tim es w ith  f iv e  m i l l i ­
l i t e r s  o f sodium io d id e , f iv e  per cent in  a b so lu te  e th y l a lcoho l w ith 
m ixing, c e n tr ifu g in g  and decanting  between each tre a tm e n t. The p re c ip i­
t a t e  was d isso lv ed  in  500 m ic ro li te r s  of d i s t i l l e d  w ater and re p re c ip i­
ta te d  w ith  te n  m i l l i l i t e r s  o f ab so lu te  a lco h o l. This procedure i s  
o u tlin e d  in  Chart 4»
A ll o f th e  f r a c t io n s  obtained from th e se  procedures were analyzed 
chem ically  fo r  u ro n ic  a c id , hexose , hexosamine, and n itro g en  as p rev io u sly  
d e sc rib ed . Each f r a c t io n  was a lso  hydrolyzed u sin g  Perm utit Q and sub­
je c te d  to  paper chromatography and th e  in d iv id u a l carbohydrate monomers
Chart 3
P ro te o ly tic  H ydrolysis and E x trac tio n  of C a r tila g e ,
Fresh C aid ilage
1
, Homogenized in  Cold HgO
pH ad ju sted  to  1 .5  w ith  HCl
50 mg pepsin




150 ml pH 7*5 phosphate b u ffe r  
50 mg try p s in  
C entrifuge Non
Residue





P re c ip i ta te
D isso lve 
2 volumes EtOH 
C entrifuge
1
Non D ialyzable 
L yophilize  
D issolve in  HgO 
2 volumes EtOH'-KAC 
2 days 4° C 
C entrifuge
1
d ia ly zed  I 3 days 
4° C
D ia liz ab le  
Lyophilize 
D issolve in  HgO 
2 volumes EtOH-KAC 




P r e c ip i ta te  
D issolve 




P re c ip i ta te  
T rypsin 2 volume
EtOH P re c ip i ta te
—T
Supernatant
EtOH C oncentration to  84# 
C entrifuge
P re c ip i ta te  
Pepsin 2 volumes EtOH p p t . 
EtOH co n cen tra tio n  to  84# 
C entrifuge
Pepsin 84# EtOH p re c ip i ta te
Trypsin 84# EtOH p r e c ip i ta te
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q u a n ti ta t iv e ly  estim ated  as p rev iously  d esc rib ed . In  a d d itio n , a l l  of 
th e  f r a c t io n s  which could be made so lub le  in  b u ffe r  so lu tio n s  were sub­
jec ted  to  paper e le c tro p h o re s is  using  th e  Spineo e lec tro p h o re tic  system 
w ith  a s e r ie s  o f d if f e r e n t  b u f f e r s . ’ B a rb ito l b u f fe r ,  pH 8 .5 ,^0 .075  and 
bo ra te  b u ffe r , pH 8 .9 ,^ 0 .1  were used fo r  a l l  s tu d ie s . In  a d d itio n , phos- 
"phate b u ffe r , pH 7 .6 ,£o .l ,  c i t r a t e  b u ffe r , pH 5.9#£0.03 and a c e ta te  b u ffe r , 
pH 4»8, 0 .1  were a lso  used . The m ucopolysaccharides were v isu a liz e d  by 
s ta in in g  th e  s t r i p  w ith  to lu id in e  blue o r a lc ia n  b lu e .
Chart 4
Is o la t io n  o f K e ra to su lfa te  from 84^ Alcohol F rac tio n s  by P ro teo ly tic  
I^ d ro ly sis . and Cetyltrimethylammonium Bromide P re c ip ita tio n
84^ Alcohol F rac tio n
Non d ia ly zab le  
ly o p h iliz e
pH 9*5 w ith  Nan B^Oo 
CTAB, shake 1 Hour 







Papain, EDTA, Cysteine H61 
l 6 hours 37° C 
D ialyze 72 hours
D ialyzable
— 1
P r e c ip i ta te
 1 N al in  abso lu te  EtOH
P r e c ip ita te
 1 N al in  abso lu te  EtOH
P r e c ip ita te
-j Nal in  abso lu te  EtOH
P re c ip i ta te
I -d isso lve  in  500 ml HgO 
  10 ml abso lu te  EtOH
P re c ip i ta te
CHAPTER III
RESULTS
The r e s u l t s  o f th e se  experim ents a re  summarized in  a s e r ie s  of 
f ig u re s , graphs and ta b le s .  Table 1 i s  a c o n ç ila tio n  o f th e  u ron ic  a c id , 
hexose ana hexosamine a n a ly s is  of ■whole d rie d  c o s ta l  c a r t i la g e  from a 
s e r ie s  o f p a t ie n ts  o f d if f e r e n t  ages. The uronic  ac id  le v e ls  o f t h i s  
group a re  p lo tte d  g ra p h ic a lly  in  Chart 5» From th e se  d a ta  i t  can be 
seen th a t  th e  carbohydrate composition o f human c o s ta l  c a r t i la g e  changes 
w ith  th e  aging p ro c e ss . The u ron ic  ac id  values decrease p ro g re ss iv e ly  
during th e  aging p rocess w hile th e  hexosamine o r th e  hexose con ten t does 
no t r e f l e c t  t h i s  change. I f  one assumes th a t  th e  u ron ic  ac id  i s  a  r e ­
f le c t io n  of th e  ch o n d ro itin  s u lfa te  th en  excess hexosamine over th a t  
which can be accounted fo r  by chondro itin  s u lfa te  must be p re se n t. These 
conclusions made by S h e tla r  and M asters (43) who suggested th a t  th e  hexos- 
amine in  excess o f th a t  bound to  u ron ic  ac id  was a c o n s ti tu e n t of a n e u tra l  
po lysaccharide  which in creased  in  co n cen tra tio n  u n t i l  m a tu rity  was reached .
C ar tila g e  samples se le c ted  from t h i s  s e r ie s  were hydrolyzed w ith  
Peraiu tit Q c a tio n  exchange re s in  aud sep a ra tio n  of th e  carbohydrate mono­
mers was achieved by paper chromatography. F igures 1 and 2 a re  re p re ­
se n ta tiv e  paper chromatograms obtained from th e  aqueous and ac id  e lu a te s  
o f th e se  c a r t i la g e  hy d ro ly sa tes  re s p e c tiv e ly .
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TABLE 1
The Carbohydrate Content of Human C osta l C a rtila g e  
Samples Taken from Persons o f D iffe re n t Age Levels
AGE Uronic Hexos- Hexose AGE Uronic Hexos~ Hexose
(Years) Acid amine (Years) Acid amine
Prem, 76.6 78.5 97.2 32
1
29.2 69.2 101.8
80 .0 1 85.2 132.8 35.0 77.0 100.1
78.8 79.5 85.6 35 31 .4 72.0 113.0
77.8 82.3 86.6 36 29.2 74.3 113.3
73.5 79.6 90.6 45 27.7 75.6 91.0
64.9 77.0 77.1 22.2 67.5 110.4
Term 73.0 89 .0 94.8 47 18.5 55.8 73.2
76.6 85.0 112.0 50 31.7 76.2 94.3
73.2 72.0 72.5 53 19.9 69.0 95.8
62.1 69.6 63.8 55 • 16.2 54.1 84.1
75.9 84.5 74.8 56 16.8 65.4 100.0
1/3 70.2 71.0 114.5 58 17.8 62.8 89.6
1 53.4 63.9 77.6 59 17.0 66.2 99.6
l - f /6 52.4 60.5 81 .0 60 19.4 58.4 91.6
3 -1 /2 48.2 62.3 , 74 .0 18.8 61.4 92.8
6 36.9 60.0  1 93.4 61 16.4 60.0 93.2
11 36 .1 61.8 . 95.3 62 14.8 49.4 86 .1
lU 3 1 .4 45.9 63.0 63 17.7 62.6 96.5
24 40.7 78.7 90.1 67 16.8 61.8 91.8
39 .2 71.4 99.4 15.0 52.4 70.7
31 29.2 68.4 80.3 70 13.4 53.6 74.7
76 10.8 46.6 80 .0
79 15.8 51.4 96.7
80 12.8 ' 57.4 78 .0
85 7.6 36.9 66.1
88 12.3 52.0 77.8
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'  - F igure 1
Paper Chromatogram of Uronic Acid, Hexoses and th e  M ethylpentose of 
Hydrolyzed Human C ostal C a rtilag e






Paper Chromatogram of th e  Hexosamines of Ifydrolyzed Human C ostal C artila g e  
L eft to  r ig h t  -  term , 14 y e a rs , s tandard  mix, 32 y e a rs , and 88 years
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Figure 1 shows by v is u a l  comparison th e  decrease  in  u ro n ic  acid  
which occurs during  aging. F ig u re '2  in d ic a te s  th a t  vdiile galactosam ine 
decreases a t  a  r a te  corresponding to  u ro n ic  a c id , th e  glucosamine shows 
an in c reased  co n cen tra tio n  during  ag ing . Chemical a n a ly s is  from paper 
chromatograms, c a r r ie d  out as p rev io u s ly  d e sc rib ed , i s  in d ic a te d  by 
Table 2 and C harts 5 and 6 . The va lu es  obtained  by a n a ly s is  f o r  u ronic 
a c id  by paper chromatography and 2-am inobiphenyl a n a ly s is  compare fav o r­
ab ly  w ith  th o se  obtained by th e  carbazo le  method. The va lu es  f o r  uronic 
a c id  a lso  compare c lo se ly  w ith  th o se  ob ta ined  fo r  ga lac tosam ine. Chart 5 
in d ic a te s  th a t  th e se  substances ap p a ren tly  occur in  equim olar r a t i o s .
Chart 6 in d ic a te s  th e  changes of galactosam ine and glucosamine w ith  age 
and a lso  dem onstrates th a t  th e  r a t i o  o f glucosamine to  galactosam ine i s  
a r e f le c t io n  o f th e  p h y s io lo g ica l age of th e  in d iv id u a l from vrtiich th e  
sample was ta k en . I t  i s  suggested th a t  th e  glucosamine a t  l e a s t  in  p a r t  
i s  a component o f k e ra to s u lf a te .
The aqueous c a r t i la g e  e x tra c tio n  procedure r e s u lte d  in  th e  sepa­
ra t io n  o f s ix  d i f f e r e n t  f r a c t io n s  from th e  t i s s u e  sample s in ce  each of 
th e  successive  aqueous f r a c t io n s  were t r e a te d  s e p a ra te ly . The r e s u l t s  of 
t h i s  e x tra c tio n  and th e  subsequent r e -e x tra c t io n  of th e  re s id u e , f i r s t  
w ith  potassium  ch lo ride-po tassium  carb o n ate , then  w ith  sodium hydroxide 
i s  shown in  Table 3* I t  i s  apparen t from t h i s  ta b le  th a t  over h a lf  of th e  
o r ig in a l  m a te r ia l  i s  e x tra c te d  by w ater in  th e  f i r s t  fo u r  days and th a t  
very  l i t t l e  a d d itio n a l m a te r ia l i s  leached  out in  subsequent e x tra c tio n s . 
Recovery on a w eight b a s is  i s  v ery  c lo se  to  th e o r e t ic a l .
The com position of th e  in d iv id u a l f r a c t io n s  from t h i s  s e t  o f ex­
t r a c t io n s  i s  in d ic a te d  in  Table 4» From th e se  d a ta  i t  i s  no ted  th a t  from
TABLE 2
Summary of Uronic Acid and Hexosamine A nalysis of C a rtilag e  
from In d iv id u a ls  o f D iffe re n t Ages
Uronic Acid Hexo samine
Age Carbazole P aperi T o ta l Galactosamine^ Glucosamine^
Prem, 73.2 72.4 77.0 72,6 4 .4
Prem, 64.9 63.3 72 ,0 . 68,9 3 .1
Term 79.5 80,3 84.5 76.7 7 .8
1 Yr, 53.4 51.2 63.9 52.6 11,3
2 52.4 62,1 60,5 54.2 6.3
14 31.7 34.5 47.7 30,9 16,8
24 39 .1 41.6 71.4 39.9 31.5
31 29.2 32.5 66,6 28,5 38 ,1
32 35 .0 35.5 77.0 27.6 49.4
47 18,5 22,8 57.4 26,8 30.6
60 21,8 20.8 58.4 29.4 29.0
61 16,5 17.1 59.5 15.9 43.6
67 15.0 17.5 52.4 11,4 41 .0
79 15.8 16,5 59.6 10,1 49.5
, 8 ,4 12,5 36,9 6,5 ......... -  3 ,9 .4  _
y
* A ll va lues a re  expressed as m illig ram s p e r gram of d ry  c a r t i la g e ,
1 Determined by re a c tio n  w ith 2 aminobiphenyl reagen t a f t e r  e lu tio n  from paper 
chromatogram.
2 Determined a f t e r  e lu tio n  from paper chromatogram.
TABLE 3
D escrip tion  o f F rac tio n s  Obtained from S e r ia l  E x trac tio n  
o f Human C osta l C artila g e  from a 35 Year Old Man
O rig in a l C a rtilag e
1 s t HgO e x tra c tio n  
2 vol» a lco h o l ppt 
p o ta s . a c e ta . ppt
2nd HgO e x tra c tio n  
2 v o l .  a lco h o l ppt 
p o ta s . a c e ta . ppt
3rd  H2O e x tra c tio n  
2 v o l. a lco h o l ppt 
p o ta s . a c e ta . ppt
1 s t  KCI-K2CO3 e x tra c t  
2nd KCI-K2CO3 e x tra c t  
NaOH e x tra c t 
R esidual c a r t i la g e
D escrip tio n  
F resh ; s l ig h t ly  ta n
G ranular, "o ff-w h ite"  
F ine w hite powder
Powdery, l ig h t  ta n  
More g ra n u la r , l i g h t  ta n
Less dense, f la k y , ta n  
G ranular, ta n
Heavy w hite powder 
Heavy w hite powder 
W hite, f in e  powder 






























/  C alcu lated  on dry  weight b a s is .
TABLE 4
Composition*- o f M ocopolysaccharide F rac tio n s  Obtained From 
C osta l C a rtila g e  Obtained From a 35 Year Old Man by 
Mild Aqueous and A lkaline  E x trac tio n  Procedures
Uronic
Acid T o ta l
Hexo samine 
G alactosam ine/ Glucosamine/ Hexose N itrogen
O rig in a l C a rtilag e 34.8 73 33 .4 39 .6 98.4 113.6
1 s t  H2O e x tra c tio n
2 v o l. a lcoho l 16.6 55 19.1 35.9 66.5 101.2
p o ta s . a c e ta . 64.3 113 65.8 47.2 116.5 52.1
2nd H2O e x tra c tio n
2 v o l .  a lco h o l 18.2 36 18.0 18.0 64.7 98.0
p o ta s . a c e ta . 52.0 89 57.1 31.9 107.4 51.7
3rd  H2O e x tra c tio n
2 v o l .  a lcoho l 16.7 34 —■H' —/ / 63.5 —/ /
p o ta s . a c e ta . 37 .6 72 42.0 3 0 .0 87.4 51.1
1 s t  KCI-K2CO3 e x tra c t 53.3 67 58.8 6 .2 60.5 82.3
2nd KCI-K2CO3 e x tra c t 41.3 58 40.9 7 .1 46.6 59.6
NaOH epctract 94.4 134 101,2 32.8 104.2 62.6
R esidual C a rtila g e 2 .7 18 — 18 .0 52.6 117.0
VovO
•*• A ll va lu es  expressed as m illig ram s per gram dry  w eigh t, 
/  Determined by paper chromatography.
/ /  Not s u f f ic ie n t  m a te r ia l,
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th e  aqueous e x tra c tio n  a m ixture o f m ucopolysaccharide a re  o b ta in ed .
This m ixture co n ta in s  chondro itin  s u l f a te  and th e  glucosamine con ta in ing  
mucopolysaccharide both p ro te in  bound and f r e e .  Paper chromatography on 
th e  hydro lysa tes of th e se  f r a c t io n s  in d ic a te s  th a t  each of th e se  f r a c t io n s  
con tain  u ron ic  a c id , ga lactosam ine, glucosam ine, and g a lac to se  ■which a re  
c o n s titu e n ts  o f th e se  two m ucopolysaccharides. Paper chromatography 
shows, in  a d d itio n , th e  presence o f fu co se , mannose and g lucose . The 
presence of th e se  l a t t e r  m onosaccharides in d ic a te s  th a t  o th e r polysaccha­
r id e  m a te ria l may be p re sen t in  th e se  f r a c t io n s .  The mannose, fucose and 
p a r ts  of th e  g a lac to se  may a lso  be c o n trib u ted  by t is s u e  g ly co p ro te in s  
s im ila r  to  those found in  serum which may be p re sen t in  c a r t i la g e .  That 
some of th e  chondro itin  s u lfa te  i s  firm ly  bound and re q u ire s  strong  a lk a ­
l in e  e x tra c tio n  i s  in d ic a te d  by th e  sharp r i s e  in  uronic acid  and c o rre ­
spondingly in  cho n d ro itin  s u lfa te  in  th e  sodium hydroxide e x tra c t io n . I t  
i s  a lso  o f in te r e s t  th a t  th e  re s id u a l m a te r ia l viiich i s  very  low in  u ron ic  
ac id  and showed no galactosam ine and only a s l ig h t  amount of fucose 
chrom atographically  s t i l l  contained an app rec iab le  amount of glucosam ine, 
g a lac to se , g lucose and mannose.
E lec tro p h o res is  c a r r ie d  out on th e  so lub le  f r a c tio n s  in d ic a te d  
th a t  no f ra c t io n  was e le c tro p h o re t ic a l ly  p u re , th a t  each f r a c t io n  co n ta in ­
ed m a te ria l which m igrated  a t  th e  same r a t e  as cho n d ro itin  s u l f a te ,  
m a te r ia l "which m igrated a r a te  somewhat le s s  th an  th a t  m a te r ia l and th a t  
those  f r a c t io n s  which were p re c ip i ta te d  w ith  two volumes of e th an o l con­
ta in e d  some re s id u a l m a te r ia l always remained a t  th e  l in e  of o r ig in .
Since t h i s  procedure was extrem ely long and te d io u s , th e  le s s  
conç)licated method of weak sodium hydroxide e x tra c tio n  and a lco h o l p re­
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c ip i ta t io n  was followed on a s e r ie s  of fon r c a r t i la g e  samples obtained 
from persons 2, 14, 31 and 67 years  o ld . The d a ta  ob tained  by th i s  
procedure i s  p resen ted  in  Table 5» The d a ta  on o r ig in a l  c a r t i la g e  
c o n s ti tu e n ts  a re  included here w ith  th e  a d d itio n a l hexose and n itrogen  
f ig u re s  added. The sodium hydroxide e x trac ted  f r a c t io n  which p re c ip i­
t a t e s  w ith two volumes (63 p e r cent a lco h o l) con ta in s  th e  m ajor p o rtio n  
of th e  uron ic  ac id  of th e  o r ig in a l  sample in  a l l  cases and, as in d ica ted  
by th e  galactosam ine, a l l  o f th e  chondro itin  s u lfa te  (See Figure 3)« 
However, t h i s  f ra c t io n  does not rep re sen t pure ch o n d ro itin  s u lfa te  since 
app reciab le  hexose i s  p re sen t as w ell as some glucosam ine. The p ro te in  
value of from th re e  to  fo u r per cent in d ic a te s  th a t  th e  p ro te in  i s  very 
low in  t h i s  f r a c t io n .
The m a te ria l which p r e c ip i ta te s  in  84 per cent e th an o l i s  appar­
e n tly  very  high in  k e ra to su lfa te  as shown in  Figure 3» This f ra c t io n  
con ta in s only a s l ig h t  contam ination of chondro itin  s u lfa te  since uronic 
a c id , determ ined chem ically i s  very low and both u ron ic  ac id  and g a lac to s­
amine were e i th e r  very  f a in t  or absent as measured by paper chromatography. 
This f r a c t io n  a lso  has an app reciab le  amount of hexose. G alactose was 
always p re sen t in  g re a te s t  concen tra tion  as in d ic a ted  by paper chroma­
tography , however, mannose and glucose were a lso  p re se n t. The methyl 
pen tose , fucose, was a lso  p resen t in  each chromatogram. N itrogen values 
of from 6 to  8 per cent in d ic a te  th a t  p ro te in  o r pep tid e  a re  a lso  found in  
t h i s  f r a c t io n .  A nalysis o f th e  supernatan t f r a c t io n  in d ic a te s  th a t  some 
carbohydrate m a te ria l i s  p re sen t idiich does no t p r e c ip i ta te  in  84 per cent 
a lco h o l. This f ra c t io n  was not d ia lyzed  and may con ta in  some mono, d i ,  or 
o lig o sacch arid es , however, paper chromatography of unhydrolyzed supernatant
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Table 5
Comparison o f Mucopolysaccharide Composition of Human C ostal C artilag e  
from Persons o f D iffe re n t Ages A fte r E x trac tio n  w ith  D ilu te  Sodium 
Hydroxide and S e lec tiv e  P re c ip i ta t io n  w ith  E thy l Alcohol
AGE
22 mo. 14 years 31 years 67 years
dry/w et % 31.75 31.25 45.45 56 . 0;
wet weight e x t. (gram) 2.17 7.84 11.20 13.9!
Chemical an a ly s is*  
O rig in a l C a rtilag e
Uronic Acid 52.4 31.7 29.2 15.0
Hexo samine 60.5 47.7 66.6 52.4
galactosam ine 54.2 30.9 28.5 11.4
glucosamine 6.3 16.8 38.1 41.0
Hexose 80.3 70.5 82.5 68.8
N itrogen 98.9 118.2 112.7 110.5
2 v o ls  a lco h o l p p t.
Uronic Acid 98.6 140.4 106.5 0 .7
Hexosamine 172.0 152.9 126.2 21.4
galactosam ine 103.1 138.3 126.2 6 .2
glucosamine 68.9 13.6 0 15.2
Hexose 150.0 106.7 124.5 23.5
N itrogen 36.4 33 .0 44.9 28.0
84% a lco h o l ppt
Uronic Acid 0.8 1.3 4 .2 0 .0
Hexosamine 114.0 135.0 118.9 25.0
galactosam ine 0 .0 d e tec ta b le 0 .0 0 .0
glucosamine 114.0 130.0 118.9 25.0
Hexose 135.3 184.4 183.5 39 .4
N itrogen 81.2 65.0 63.3 63.0
Supernatant
Uronic Acid 0.1 0 .1 0 .7 0 .0
Hexosamine 7,9 5 .1 8 .4 1 .9
galactosam ine 7.9 5 .1 8 .4 ———
glucosamine ——— ——— — —- ———
Hexose 8 .0 8 .1 18.5 12.0
N itrogen 7.8 7 .0 11.2 10.3
R esidual C a rtila g e
Uronic Acid 0.6 2 .1 1 .6 2 .9
Hexosamine 7.6 10.5 28.7 30 .6
g a la c t 0 samine 2.4 0 .0 6 .4 0 .0
glucosamine 5 .2 10.5 22.3 30.6
Hexose 58.3 50.6 53.3 48.5
N itrogen 129.9 121.5 117.3 113.1




Paper E lec tro p h o re tic  S tr ip s  of 84 Per Cent E thano lic  F ra c tio n s  Before 
P u r if ic a t io n , B a rb ito l B uffer pH 8 .6 , Ion ic  S tren g th  .075 . N o .l -  22 mo.. 
No.2 -  14 y e a rs . No.3 -  K e ra to su lfa te  S tandard , No.4 -  31 y e a rs , and 
No.5 -  67 y e a rs .
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— fra c t io n  d id  no t in d ic a te  any of th e se  were p re se n t. A ppreciable n itro g en  
i s  a lso  p re sen t in  t h i s  f r a c t io n .  The re s id u a l c a r t i la g e  from t h i s  ex­
t r a c t io n  s t i l l  co n ta in s  co nsiderab le  carbohydrate m a te r ia l only a smal1 
p o rtio n  o f which can be contribtrted" by ch o n d ro itin  s u l f a te .  From th ese  
d a ta  i t  i s  ev iden t th a t  an in c re as in g  p o rtio n  of glucosamine per m i l l i ­
gram of rem aining c a r t i la g e  i s  found in  p ro g re ss iv e ly  o ld e r c a r t i la g e .
This ap p aren tly  i s  bound very  t ig h t ly  to  th e  re s id u a l  p ro te in . The ra th e r  
la rg e  amount o f hexose p re se n t in  t h i s  f r a c t io n  i s  conçsosed of g lucose , 
mannose, and g a la c to se . Fucose was a lso  p re sen t in  th e se  f r a c t io n s .  - ■
P u r if ic a t io n  o f th e  k e ra to s u lf a te - r ic h  f r a c t io n  by papain d iges­
t io n ,  d ia ly s is  and cetyltrimethylammonium bromide p re c ip i ta t io n  was 
c a r r ie d  out on each of th e  fo u r 84 per cent f r a c t io n s  ob ta ined  from 
persons 2, 14, 31 , and 6? y ears  o ld  by sodium hydroxide e x tra c tio n  and 
a lco h o l p re c ip i ta t io n .  No e s s e n t ia l  d iffe ren c e  was found in  th e se  f r a c ­
t io n s  a f t e r  p u r i f ic a t io n  as determ ined by chem ical a n a ly s is  (Table 6 ) . 
Hexosamine va lues v a rie d  from 205.8 to  239.2 micrograms p er m illig ram  
w hile hexose va lues ranged from 224.0 to  263.0 micrograms per m illig ram .
No uron ic  ac id  was found e i th e r  chem ically or by paper chromatography.
A ll o f th e  hexosamine was glucosamine as shown by paper chromatography. 
Fucose was noted to  be p re se n t in  tra c e  amount. E le c tro p h o re tic a lly  th e  
is o la te d  f r a c t io n s  m igrated a t  a r a te  comparable to  a sample o f pure 
k e ra to su lfa te  obtained  from Dr. K arl Meyer (F igure 4 ) .  th e  procedure 
mannose, g lucose and p ro te in  were removed and l o s t .  C alcu la tio n  o f the  
amount o f k e ra to su lfa te  is o la te d  by t h i s  procedure in d ic a te s  th a t  t h i s  
c o n s ti tu e n t in c re a se s  w ith  age (Table 7 ) .
Enzymatic d ig e s tio n  o f f re sh  c o s ta l  c a r t i la g e  was c a r r ie d  out on
TABLE 6
Composition* o f E ig h ty -fou r Per Gent Alcohol F rac tio n s  P u r if ie d  
by P ro te o ly tic  % d ro ly s is  and Cetyltrimethylammonium 
Bromide P re c ip ita t io n s
AGE
22 mo. 14 y ears 31  y ears 67 y ears
Hexosamine 205.8 221.5 239.2 209.1
Hexose 230.6 242.7 263.0 224.0
Uronic Acid - - - -
N itrogen 34. 30 . 32. 35.
4>
■* Expressed as m illig ram  p er gram dry w eigh t.
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Figure 4
Paper E lec tro p h o re tic  S tr ip s  of P u r if ie d  "K era to su lfa te  F rac tio n "  from 
th e  84 Per Cent E thano lic  F rac tio n . N o.l -  22 months, No.2 -  14 y e a rs . 
No.3 -  K e ra to su lfa te  S tandard , No.4 -  31 y e a rs , and No.5 -  6? years
TABLE 7
K era to su lfa te  C oncen trition^  in  Human C osta l C a rtilag e  
Obtained from Persons o f D iffe re n t Ages
AGE (y ea rs)
1 -5 /8 14 31 67
T h eo re tica l^ 22,5 40.3 109.0 125.2
Amount Recovered^ .. 25,2, . 89 .6 105. 4,
1 Expressed as m illig ram s p er gram dry  w eight,
2 C alcu la ted  fo r  hexosamine in  excess of u ro n ic  a c id .
3 C alcu la ted  from y ie ld  o f e ig h ty  fo u r p e r cen t a lco h o l f r a c t io n  
co rrec ted  to  ch em ica l.an a ly s is  o f p u r if ie d  k e ra to s u lf a te .
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specimens ob ta ined  from persons who d ied  a t  te rm , 21 y e a rs , 3 4  y e a rs , and 
85 y e a rs , r e s p e c tiv e ly . A summary of th e  d a ta  obtained from th e se  analy­
ses i s  g iven in  Table 8 . The w ater con ten t of c a r t i la g e  can again  be seen 
to  decrease w ith  aging and from th e  whole c a r t i la g e  an a ly s is  th e  decrease 
in  u ro n ic  a c id  i s  a lso  ev id en t. The g re a te s t  p o rtio n  o f carbohydrate 
m a te r ia l i s  tak en  in to  so lu tio n  by th e  pepsin  d ig e s tio n  and th e  m a te r ia l 
so lu b iliz e d  i s  n o n -d ia ly zab le  through o rd in ary  d ia ly z in g  tu b in g . The 
f r a c t io n  which p re c ip i ta te s  in  two volumes o f a lco h o l con ta in s  n e a r ly  a l l  
of th e  u ro n ic  a c id  from th e  o r ig in a l  m a te r ia l .  This f r a c t io n  does not 
con tain  p ro te in  to  any ap p rec iab le_ ex ten t. I t  can be seen, however, th a t  
t h i s  f r a c t io n  a lso  co n ta in s  app reciab le  hexose. The pepsin  d ig e s t f r a c ­
t io n  which i s  in so lu b le  in  84 per cent a lco h o l i s  composed of k e ra to su l­
f a te  and hexose in  excess o f th a t  expected from an equim olar combination 
w ith  hexosamine. Carbohydrate i s  a lso  p re sen t in  th e  supernatan t f r a c t io n .
A d d itio n a l p ro te o ly t ic  h y d ro ly s is  ap p aren tly  re le a s e s  more muco­
po lysaccharide m a te r ia l  in to  so lu tio n . The re s id u a l  f ra c t io n s  obtained 
a re  ap p aren tly  composed of th e  same m ucopolysaccharides bu t th e  q u an tity  
i s  g re a t ly  reduced even when th i s  i s  expressed on th e  b a s is  of micrograms 
per m illig ram  of m a te r ia l  e x tra c te d . There i s  ap p aren tly  a g re a te r  re le a se  
of g ly co p ro te in  and t ig h t ly  bound m ucopolysaccharides from c a r t i la g e  by 
th i s  method when compared w ith  th e  e a r l i e r  e x tra c t io n s . The re s id u a l 
m a te r ia l rem aining a f t e r  enzymatic h y d ro ly s is  was much sm aller than  th a t  
found a f t e r  sodium hydroxide e x tra c tio n .
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T a b l e  8
C o m p o s i t i o n  o f  F r a c t i o n s  O b t a i n e d  b y  E n z y m a t i c  % d r o l y s i s  
a n d  A l c o h o l  P r e c i p i t a t i o n  o f  t h e  H y d r o l y s a t e
AGE
Term. 21 years 34 y ears 85 years
R atio  dry/w et weight 30.26 39.78 44.62 58.23
Tissue ex trac ted 7.30 41.72 50.00 50.00
Chemical A nalysis*
O rig in a l C a rtilag e
"Uronic Acid 73.2 43.6 29.7 8 .4
Hexosamine 80.3 67.2 61.5 36.9
galactosam ine 74.6  ■ 40.7 32 .0 6.5
glucosamine 5.7 16.5 29.5 30.4
Hexose 103.6 116.7 110.4 108.4
N itrogen 110.7 122.1 110.3 119.6
Pepsin T reated , Non D ialyzable
2 vo ls  A lcohol p re c ip i ta te
Uronic Acid 113.6 136.7 72.9 12.0
Hexosamine 118.7 165.3 84.3 20.7
galactosam ine 118.7 143.1 79.8 14.3
glucosamine 0 22.2 3 .5 6.4
Hexose 142.1 144.6 142.1 84.0
N itrogen 30.7 37.8 31.6 25.4
8k% Alcohol P re c ip ita te
Uronic Acid 5.3 2 .4 3 .7 0 .0
Hexosamine 89.4 115.6 110.2 98.4
galactosam ine —— ——— ———
glucosamine 89.4 115.6 110.2 98.4
Hexose 127.2 185.9 174.3 116.9
N itrogen 9 .1 7.6 6.7 6.3
Supernatant
Uronic Acid 0 .2 1.8 2.3 0 .0
Hexosamine 4 .3  • 5 .1 7 .6 2.1
galactosam ine 4 .3 5 .1 7.6 2 .1
glucosamine ——— — ———
Hexose 5 .4 7 .9 8 .9 13.2
N itrogen 8 .2 6.9 8 .4 7 .6
Trypsin T reated , Non D ialyzable
2 vo ls  Alcohol p re c ip i ta te
Uronic Acid 21.3 23.5 18.9 1.4
Hexosamine 18.7 17.4 20.1 3 .8
galactosam ine 1 4 .9 / 17.4 20.1 3 .8
glucosamine 3 .8 / 0 0 0
Hexose 21.2 20.6 18.4 24.8
Nitrogen 3=1 2.8 3 .0 3 .7




Term. 21 y ears 34 years 85 y ears
8üt  ̂ Alcohol n r e c ip i ta te
Uronic Acid 0 .0 0 .0 0 .0 0 .0
Hexosamine 12.3 19.2 17.6 24.1
galactosam ine 0 .0 / 0 .0 0 .0 0 .0
glucosamine 1 2 .3 / 19.2 17.6 24.1
Hexose 44.3 39 .6 40.2 17.1
N itrogen 5.7 5 .4 6,7 8 .3
Supernatant
Uronic Acid 0 .0 0 .0 0 .0 0 .0
Hexosamine 3 .4 7 .1 2 .0 3 .6
g a la c t 0 samine 3 .4 7 .1 2 .0 3 .6
glucosamine ——— — ——— ———
Hexose 4 .2 4 .1 7.3 5 .6
Nitrogen 10.2 11.5 10.9 6 .1
R esidual C artila g e / /
Uronic Acid ——— 0.8 1 .2 2 .6
Hexosamine ——— 7 .8 6.3 12.7
galactosam ine — —
glucosamine 7 .8 6.3 12.7
Hexose 8 .5 10.7 6 .1
N itrogen — — 7.6 9.1 5 .4
*  E x p r e s s e d  a s  m i l l i g r a m s  p e r  g r a m  o f  d r y  w e i g h t  
/  E s t i m a t e d  v i s u a l l y
/ /  N o t  s u f f i c i e n t  m a t e r i a l  t o  t r a n s f e r  a n d  a n a l y z e
CHAPTER IV
DISCUSSION
This study of th e  m ucopolysaccharides o f human c o s ta l  c a r t i la g e  
confirm s th a t  t h i s  t i s s u e  con ta in s  in  i t s  ground substance app reciab le  
q u a n ti t ie s  o f carbohydrate con tain ing  m a te r ia l  and th a t  th e  composition 
of t h i s  t i s s u e  changes during  aging both w ith  re sp e c t to  w ater content 
and to  m ucopolysaccharide co n cen tra tio n s . Young human c a r t i la g e  con ta in s 
a la rg e  amount o f ch o n d ro itin  s u lfa te  which d e c lin e s  slow ly w ith  age.
K arl Meyer in  h is  s tu d ie s  o f th e  ch o n d ro itin  s u lf a te s  of d if f e r e n t  t i s s u e s  
s ta te s  th a t  th e  ch o n d ro itin  s u lfa te  found in  r i b  c a r t i la g e  i s  a m ixture 
of th e  A and C v a r ie ty  and th a t  C i s  predominant over A (3 0 ). In  th e  
p re sen t study no a ttem pt was made to  c h a ra c te r iz e  th e  ch o n dro itin  s u lfa te  
f r a c t io n s  o b ta in ed . E le c tro p h o re tic a lly  th ey  each have th e  same m o b ility .
The presence o f k e ra to su lfa te  in  r ib  c a r t i la g e  was suggested in  
th e  e a r ly  phases- o f t h i s  study (23) and subsequent e x tra c tio n s  c le a r ly  
showed th a t  t h i s  m ucopolysaccharide i s  found in  in c re a s in g  amounts during 
th e  aging p rocess  up to -m a tu r ity  a f t e r  lA ich no ap p rec iab le  change occurs.
These s tu d ie s  a lso  in d ic a te  th e  presence o f carbohydrate co n ta in ­
ing  m a te r ia l o th e r  th an  th a t  which can be accounted fo r  in  th e se  two ac id  
m ucopolysaccharides. The presence of fu co se , mannose and of g a lac to se , 
which can be accounted f o r  in  k e ra to s u lf a te ,  in d ic a te  th a t  o th e r mucopoly­
saccharides probably  s im ila r  to  k e ra to su lfa te  bu t w ith  fucose o r mannose
- 52
53
r e p l a c i n g  g a l a c t o s e  m a y  a l s o  b e  p r e s e n t  i n  t h i s  t i s s u e .  I t  i s  i m p o r t a n t  
t o  n o t e  t h a t  i n  n o  c a s e  w a s  k e r a t o s u l f a t e  i s o l a t e d  f r e e  f r o m  t h e s e  o t h e r  
m u c o p o l y s a c c h a r i d e s  a n d  t h a t  e l e c t r o p h o r e t i c a l l y  t h e  b a n d  w h ic h  m i g r a t e d  
m o re  s l o w l y  t h a n  c h o n d r o i t i n  s u l f a t e  w a s  u s u a l l y  d i f f u s e .  T h i s  w o u ld  
i n d i c a t e  t h a t  v d i i l e  t h e s e  c o m p o u n d s  h a v e  s i m i l a r  s o l u b i l i t y  p r o p e r t i e s  
t h a t  t h e y  h a v e  s l i g h t l y  d i f f e r e n t  e l e c t r o p h o r e t i c  m o b i l i t i e s .  T h i s  i s  a n  
a n a l o g o u s  s i t u a t i o n  t o  t h a t  f o u n d  i n  t h e  gam m a g l o b u l i n  f r a c t i o n  o f  w h o le  
s e r u m .  I f  w e  a s s u m e  t h a t  t h e  g l u c o s a m i n e ,  t h e  h e x o s e s  a n d  t h e  m e t h y l  
p e n t o s e  v d i ic h  w e o b s e r v e  c h r o m a t o g r a p h i c a l l y  a r e  c o n t r i b u t e d  b y  s e r u m  
m u c o id s  o r  g l y c o p r o t e i n  m a t e r i a l  o n l y ,  t h e n  t h e s e  m a t e r i a l s  m u s t  b e  c o n ­
s i d e r e d  a s  s e p a r a t e  p o l y s a c c h a r i d e  m o i e t i e s  b o u n d  l o o s e l y  t o  p r o t e i n  s i n c e  
t h e y  a r e  f o u n d  i n  f r a c t i o n s  w h ic h  a r e  l o w  i n  t o t a l  p r o t e i n .
W hen t h e  k e r a t o s u l f a t e - r i c h  f r a c t i o n  w a s  p u r i f i e d  b y  e n z y m a t i c  
h y d r o l y s i s  a n d  c e t y l t r i m e t h y l a m m o n i u m  b r o m i d e  p r e c i p i t a t i o n ,  b o t h  m a n n o s e  
a n d  p r o t e i n  w e r e  l o s t  ( F i g u r e  6 ) .  T h i s  d o e s  n o t  p r e c l u d e  t h e  p o s s i b i l i t y  
t h a t  m a n n o s e  m i g h t  b e  a  c o n s t i t u e n t  o f  a  k e r a t o s u l f  a t  e - l i k e  c o m p o u n d  o r  
t h a t  i t  m i g h t  h a v e  b e e n  p r e s e n t  a s  a ~ g l y c o p r o t e i n  c o n t a m i n a n t .
T h e  c o n ç i a r i s o n  w h i c h  c a n  b e  m a d e  o f  d a t a  o b t a i n e d  f r o m  a q u e o u s  
e x t r a c t  o f  c a r t i l a g e  a s  c o m p a r e d  t o  t h a t  o b t a i n e d  f r o m  s o d iu m  h y d r o x i d e  
e x t r a c t i o n  a n d  e n z y m a t i c  h y d r o l y s i s  i n d i c a t e s  t h a t  t h e  p r o t e i n  c o m p le x  
w i t h  a c i d  m u c o p o l y s a c c h a r i d e s  i s  b r o k e n  b y  t h e  0 . 5  n o r m a l  s o d iu m  h y d r o x i d e  
e x t r a c t i o n  a n d  a l s o  b y  p r o t e o l y t i c  h y d r o l y s i s .  H o w e v e r ,  t h i s  i s  a p p a r e n t l y  
n o t  t r u e  o f  t i s s u e  m u c o i d s  a n d  g l y c o p r o t e i n s  v d ie r e  e v i d e n c e  i n d i c a t e d  t h a t  
b i n d i n g  i s  v e r y  f i r m  a n d  r i g o r o u s  h y d r o l y s i s  i s  n e c e s s a r y  t o  r e l e a s e  t h e  
c a r b o h y d r a t e  f r o m  t h e  p r o t e i n .  I t  a p p e a r s  r a t h e r  t h a t  t h e  c a r b o h y d r a t e  
f o u n d  i n  t h e  r e s i d u a l  c a r t i l a g e ,  t h a t  ■vdiich i s  l e f t  a f t e r  a l k a l i n e  e x t r a c -
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GLUCOSAMINE
g alacto sam in e
Figure 5 —
Paper Chromatograms of Hexosamine in  % rdrolysates o f "K era to su lfa te” 
F ra c tio n . C onditions: Whatman No. 4 paper b u tan o l-p y rid in e-w ate r system, 
s ta in ed  w ith  2 amino biphenylphosphate.  L eft to  r ig h t  -  22 months,
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Figure 6
Paper Chromatograms o f G alactose and Fucose in  % rdrolysates o f "K e ra to su lfa te ” 
F ra c tio n . C onditions: Whatman No. 4 p aper, b u tan o l-p y rid in e-w a te r system , 
s ta in ed  w ith  2-amino biphenyl phosphate. L e ft to  r ig h t  -  22 months, 14 y e a rs , 
standard mix, 31 y e a rs , and 6? y e a rs .
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t io n  re p re se n ts  t i s s u e  g ly co p ro te in  and t i s s u e  mucoids s in ce  t h i s  f r a c t io n  
appears to  be t i g h t l y  bound and in so lu b le  in  any o f th e  e x tra c tio n  pro­
cedures u sed . Enzymatic h y d ro ly s is  of th e  p ro te in  does ap p aren tly  re le a s e  
some o f t h i s  m a te r ia l  but when s o lu b iliz e d  i t  cannot be d is tin g u ish e d  from 
th a t  which has p rev io u s ly  been e x tra c te d . Another p o s s ib i l i ty  i s  th a t  th e  
k e ra to su lfa te  and k e ra to s u lfa te  l ik e  m ucopolysaccharides con ta in in g  man­
nose and fucose a re  bound in  d i f f e r e n t  type  of b inding  and to  d if f e r e n t  
p ro te in  m o ie tie s  which could account fo r  some of th e se  d if fe re n c e s . I t  
has been shown by S c h u b e rt 's  group th a t  th e  p ro te in  m oiety vhich  i s  found 
in  th e  w ater e x tra c ta b le  chondromucoprotein i s  d i s t in c t  from co llagen  as 
measured by hydroxyproline c o n te n t. However,- s in ce  recovery  i s  never 
com plete, t h i s  does no t p rec lude  th e  p o s s ib i l i ty  th a t  some o f th e  chon­
d r o i t in  s u lfa te  i s  n o t bound w ith  co llag en . The methods used in  t h i s  
study d id  n o t in  any case y ie ld  a f r a c t io n  of ch o n d ro itin  s u lf a te  com­
p le te ly  f r e e  from p ro te in  o r some o th e r contam inating m a te r ia l  s ince  none 
o f th e se  f r a c t io n s  vdiich con tained  cho n d ro itin  s u lf a te  y ie ld e d  a hexos­
amine o r u ro n ic  a c id  value equal to  th a t  expected c a lc u la te d  f o r  t h i s  
m ucopolysaccharide. The h ig h e s t p e r cent y ie ld s  were found in  th e  pepsin  
d ig e s t ,  which had been ex h au stiv e ly  d ia ly zed . Schubert a lso  re p o r ts  (37) 
th a t  ch o n d ro itin  s u l f a te  and chondromucoprotein e x h ib it  n e a r ly  id e n t ic a l  
e le c tro p h o re tic  m o b il i t ie s  over a wide pH range of from f iv e  to  te n  pH 
u n i ts  and th a t  i t  i s  no t p o ss ib le  to  d is tin g u is h  one from th e  o th e r . 
However, in  c i t r a t e  b u ffe r  i t  i s  p o ss ib le  to  sep a ra te  th e se  m a te r ia ls  
a t  a  h ig h e r pH v a lu e , th e  ch rondropro tein  s p l i t s  in to  two peaks. Having 
observed th e  same e f f e c t  in  t h i s  s tudy , i t  seems l ik e ly  th a t  pH extreme 
causes th e  ch o n d ro itin  s u lfa te -p ro te in  bond to  be broken.
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T h e  f a c t  t h a t  e l e c t r o p h o r e t i c  m o b i l i t y  i s  c o n s t a n t  o v e r  a  w id e  
pH  r a n g e  i n d i c a t e s  t h a t  t h i s  m o b i l i t y  i s  n o t  a  p r o p e r t y  o f  t h e  p r o t e i n  
p e r  s e  b u t  r a t h e r  b 7  t h e  p r e s e n c e  o f  a n  a n i o n i c  m a t e r i a l  w h ic h  d o e s  n o t  
r e f l e c t  t h e  pH  c h a n g e .  T h i s  i s  p r o b a b l y  t h e  c h o n d r o i t i n  s u l f a t e  i t s e l f .
CHAPTER V 
SUMMARY AND CONCLUSIONS
T h e  m u c o p o l y s a c c h a r i d e s  a n d  g l y c o p r o t e i n s  o f  h u m an  c o s t a l  c a r t i ­
l a g e  a s  i n f l u e n c e d  b y  a g e  h a v e  b e e n  i n v e s t i g a t e d .  A n a l y s i s  o f  t o t a l  
u r o n i c  a c i d ,  h e x o s a m in e  a n d  h e x o s e  c o n t e n t  i n  t h e  c o s t a l  c a r t i l a g e  o b ­
t a i n e d  f r o m  f o r t y - s e v e n  i n d i v i d u a l s ,  r a n g i n g  i n  a g e  f r o m  p r e m a t u r e  
t h r o u g h  e i g h t y - e i g h t  y e a r s  o f  a g e ,  sh o w e d  t h a t  w h i l e  u r o n i c  a c i d  c o n c e n ­
t r a t i o n  d e c r e a s e d  w i t h  i n c r e a s i n g  a g e  t h a t  t o t a l  h e x o s a m in e  a n d  h e x o s e  
v a l u e s  d i d  n o t  r e f l e c t  t h i s  c h a n g e .  T h e  h e x o s a m in e  f r a c t i o n  w a s  s e p a r a t e d  
c h r o m a t o g r a p h i c a l l y  i n t o  g l u c o s a m i n e  a n d  g a l a c t o s a m i n e .  Q u a n t i t a t i v e  
a n a l y s i s  o f  t h e s e  f r a c t i o n s  s h o w e d  t h e  g a l a c t o s a m i n e  l e v e l s  c o m p a re d  
c l o s e l y  t o  t h e  v a l u e s  o b t a i n e d  f o r  t o t a l  u r o n i c  a c i d .  I t  i s  a s s u m e d  
t h a t  t h e s e  tw o  c a r b o h y d r a t e  m o n o m e rs  a r e  a  r e f l e c t i o n  o f  c h o n d r o i t i n  
s u l f a t e  a n d  t h a t  t h e  a m o u n t  o f  t h i s  m u c o p o l y s a c c h a r i d e  d e c r e a s e s  d u r i n g  
a g i n g .  G lu c o s a m in e  w a s  c o n s i d e r e d  t o  b e  a  c o m p o n e n t  o f  o n e  o r  m o re  o t h e r  
m u c o p o l y s a c c h a r i d e s  o r  o f  g l y c o p r o t e i n .
I s o l a t i o n  o f  t h e  m u c o p o l y s a c c h a r i d e  c o m p o n e n ts  o f  c a r t i l a g e  w a s  
c a r r i e d  o u t  u s i n g  e x t r a c t i o n  p r o c e d u r e s  r a n g i n g  f r o m  t h e  m i l d e s t ,  w a t e r ,  
t h r o u g h  t r e a t m e n t  w i t h  m i l d  a l k a l i n e  s a l t  s o l u t i o n s ,  a n d  f i n a l l y ,  t r e a t ­
m e n t  w i t h  d i l u t e  s o d iu m  h y d r o x i d e .  E n z y m a t i c  d i g e s t i o n  w i t h  p r o t e o l y t i c  
e n z y m e s  w a s  a l s o  u s e d  t o  r e m o v e  p r o t e i n  m a t e r i a l .  T h e  r e s u l t a n t  e x t r a c t e d
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m a te ria l was su b jec ted  to  s e le c t iv e  p re c ip i ta t io n  which in d ic a te d  th e  
presence o f ch o n d ro itin  s u lfa te  "and sev e ra l u n id e n tif ie d  f r a c t io n s  which 
contained g a la c to se , mannose, fucose and glucosamine as id e n t i f ie d  by 
paper chromatography and paper e le c tro p h o re s is .
From th e  l a t t e r  f r a c t io n s  k e ra to su lfa te  was is o la te d  by papain 
d ig e s tio n  follow ed by p re c ip i ta t io n  w ith  cetyltrimethylammonium bromide. 
This m a te r ia l as  w e ll as cho n d ro itin  s u lfa te  was confirmed by comparison 
w ith  known pure samples o f th e se  m ucopolysaccharides.
Comparison of th e se  is o la te d ,  p u r if ie d  f r a c t io n s  from th e  c o s ta l  
c a r t i la g e  obtained  from persons o f d i f f e r e n t  ages in d ic a te d  th a t  while 
chondro itin  s u lf a te  le v e ls  decrease  during th e  aging p rocess  th a t  th e  
le v e l  of k e ra to s u lfa te  tends to  in c re a se . The o th e r hexosamine con tain ­
ing m a te r ia ls , idiich were n o t id e n t i f ie d ,  a re  probably  g ly c o p ro te in .
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